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FOREWORD 

This  report  was  prepared  by  the  Radar  and  Optics 
Division  of  the  Environmental  Research  Institute  of 
Michigan.  The  work  was  sponsored  by  the  Defense  Ad- 
vanced Research  Projects  Agency  under  ARPA  Order  1957 
and  the  Aeronautical  Systems  Division  (Directorate  of 
Reconnaissance  Engineering),  Air  Force  Systems  Command, 
under  Contract  F33615-73-C-2039,  which  began  on 
October  20,  1972. 

This  final  report  covers  work  performed  between 
2C  October  1972  and  30  September  1973.  The  contract 
monitor  is  Dennis  A.  Ingebretsen,  ASD/ENRSC,  Wright- 
Patterson  Air  Force  Base,  Ohio,  45433.  The  principal 
investigator  is  John  N.  Latta. 

This  work  was  only  possible  with  the  support  and 
efforts  of  Kenneth  Perko  at  ASD/ENRSC  and  Col.  W.  Kirlin 
of  the  Defense  Advanced  Research  Projects  Agency. 
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SUMMARY 


This  report  is  the  third  in  a series  th?u  cover  the 
investigation  of  the  properties  and  applications  of  holo- 
graphic optics.  This  type  of  optics  is  relatively  new 
in  that  the  techniques  of  holography  are  being  applied 
to  the  fabrication  of  optical  elements.  These  elements 
can  be  combined  into  lens  systems  and  several  are  con- 
sidered in  this  report. 

A major  focus  of  this  effort  was  on  large  aperture 
(10")  holographic  optics,  the  application  of  wavelength 
shift  techniques  to  the  holographic  telescope,  and  infra- 
red optics.  One  of  the  more  promising  results  of  the  study 
were  designs  that  utilize  holographic  optics  in  the  infrared. 

A two  element  telescope  was  designed  using  wavelength  shift 
techniques  where  the  elements  were  made  in  the  visible  spec- 
trum and  reconstructed  at  10.6  p.  Further  a single  element 
was  thoroughly  tested  which  was  designed  for  operation  at 
1.15  u.  The  agreement  with  theory  was  quite  close.  High 
quality  holographic  telescopes  were  fabricated  based  on  the 
design  techniques  developed  during  this  and  the  earlier 
studies.  An  advantage  of  holographic  optics  is  the  relatively 
simple  fabrication  process;  this  becomes  important  in  larger 
aperture  optics.  Both  transmission  and  reflection  elements 
were  fabricated  during  this  contract.  In  the  reflection  case 
a subcontract  was  let  to  Radiation,  Inc.  for  the  fabrication 
and  an  assessment  of  its  producibility . Their  report  is  an 
appendix  to  this  report. 

Several  other  areas  were  also  addressed:  wide  angle  re- 

flection holographic  optics  anJ  the  development  of  facilities 
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for  producing  high  quality  elements.  The  wide  angle  problem 
was  found  to  be  a very  difficult  one  because  of  severe 
mechanical  constraints.  As  a part  of  our  overall  effort  the 
techniques  for  producing  high  quality  elements  were  developed. 
Much  of  this  was  found  to  be  dependent  upon  the  precision  and 
flexibility  of  equipment  available. 

Holographic  optics  have  some  very  attractive  features  and 
attributes.  These  are  illustrated  in  the  promising  applica- 
tions in  the  infrared.  Further,  the  producibility  of  large 
aperture  elements  illustrates  another  advantage  of  holographic 
optics . 
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This  report  covers  the  second  period  of  investigation 


into  holographic  optical  elements  which  has  been  funded  by 
ARPA  at  ERIM.  The  actual  contract  period  for  the  work 
described  here  was  from  20  October  1972  to  30  September 
1973.  The  contract  under  which  this  was  conducted  was 
extended  into  a third  phase  which  will  be  described  in  a 
sepaiate  report.  The  contract  ended  on  15  July  1974. 

■ 

The  three  phases  of  ARPA  support  can  best  be  put  into 
perspective  by  outlining  the  thrust  of  the  activities  en- 
compassed within  the  first  two  phases.  In  the  first, 
which  is  dicussed  in  a previous  final  report,  there  was  little 
attempt  to  study  specific  application  areas.  The  intent, 
rather,  was  to  consider  the  overall  potential  of  holographic 
optics  and  outline  as  many  areas  which  did  show  potential 
for  using  these  elements.  Fundamentally,  an  important 
output  of  the  study  was  a direction  in  which  further  work 
could  be  focused..  The  details  of  this  study  are  contained 
in  the  previous  final  report.  At  the  end  of  this 
study  it  was  decided  to  focus  the  activities  into  large 

a 

aperture  elements  and  systems  with  as  high  a performance 
as  can  be  achieved.  A direct  outgrowth  of  this  approach 
was  the  requirement  to  improve  the  facilities  for  hologram 

■I 
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element  construction.  To  achieve  this  a large  stable  table 
was  purchased  along  with  high  quality  large  aperture  off- 
axis  collimators.  Some  special  lens  construction  and 
fabrication  equipment  was  designed  and  built  to  permit 
very  accurate  alignments.  The  facilities  are  described 
in  Section  8 of  this  report  Another  important  question  to 
be  addressed  by  this  study  was  the  producibility  of  large 
aperture  elements.  To  implement  this  ERIM  let  a contract 
to  Radiation,  Inc.  for  the  fabrication  of  a large  element 
that  had  reflective  properties. 

An  important  distinction  which  characterized  this  work 
was  the  requirement  that  wavelength  shift  compensation  tech- 
niques be  used  as  much  as  possible  in  all  designs.  This  re- 
quirement had  some  very  interesting  and  potentially  signi- 
ficant results.  To  satisfy  the  wavelength  shift  needs  we 
undertook  both  the  telescope  designs  and  a single  hologram 
element  property  study.  As  a direct  outgrowth  of  the  latter 
some  important  insights  were  gained  into  the  domain  over  which 
wavelength  shift  compensation  may  be  applied.  This  is  described 
in  Section  7.  Specific  results  are  given  in  Section  4 where 
we  undertook  designs  at  both  1.15  p and  10.6  y.  These 
systems  were  designed  for  use  at  the  long  wavelength, 
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however,  tney  were  to  be  constructed  in  the  visible 
spectrum. 

The  report  has  nine  sections.  The  second  section 
is  directed  at  wavelength  shift  two  element  telescopes 
and  is  a direct  extension  of  work  which  was  carried  out 
under  the  earlier  phase  of  the  ARPA  support.  As  an 
extension  of  the  work  to  obtain  high  quality  imaging 
with  wavelength  shift  techniques,  we  describe  two 
designs  of  three  element  telescopes  in  Section  Three. 

Some  of  the  most  significant  results  from  this  study  are 
contained  in  Section  Four  which  applies  the  results  of 
Sections  Two,  Three,  and  Seven  to  the  problem  of  infra- 
red optics  using  holographic  elements.  On  the  opposite 
end  of  the  holographic  optics  spectrum  a wide-angle  re- 
flective optics  design  is  considered  in  Section  Five. 

The  results  of  the  fabrication  and  testing  of  a glass 
substrate  large  aperture  element  are  contained  in  Sec- 
tion Six.  Underlying  much  of  the  wavelength  shift 
results  presented  in  Sections  Two,  Three,  and  Four 
is  the  study  of  hologram  optics  wavelength  shift  pro- 
perties in  Section  Seven.  The  facilities  which  were 
used  during  this  work  are  discussed  in  Section  Eight. 

Two  appendices  are  included.  The  first  is  a copy  of 
the  report  submitted  by  Radiation  Inc.  which  discusses 
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their  work  on  fabricating  a large  aperture  element  with 
photoresists.  The  second  appendix  is  a copy  of  a paper 
which  outlines  the  design  tools  that  we  used  during  the 
course  of  this  effort. 
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TWO  ELEMENT  TELESCOPES 


It  is  only  natural  that  in  considering  two  element 


optical  systems  one  should  think  of  the  basic  telescope 
Two  simple  lenses,  one  of  a short  focal  length  and 
another  of  a long  focal  length,  when  placed  in  a con- 


focal  arrangement , will  produce  an  image  at  infinity 


with  an  angular  magnification  equal  to  the  ratio  of  the 
long  focal  length  to  the  short  focal  length.  Inasmuch 
as  holograms  may  be  used  as  simple  lenses,  it  is  of  in- 
terest to  consider  using  them  to  form  a simple  tele- 
scope and  to  assess  their  relative  advantages  or  dis- 


advantages. Such  an  investigation  was  performed  to  a 


limited  extent  in  a preceding  ARPA  Contract^.  It  is 


the  intent  here  to  extend  that  investigation  and,  in 


particular,  to  consider  the  case  in  which  the  reconstruc- 
tion wavelength  may  be  quite  different  from  the  construc- 


tion wavelength, 


2.1  TELESCOPE  #1  - DESIGN 


2.1.1.  DESIGN 


The  first  task  undertaken  was  the  design  of  a two 


element  telescope  with  a construction  wavelength  of 


Latta,  J.  N. , "Evaluation  of  Hologram  Optical  Ele- 
ments," Final  Report  197400-1-F,  Willow  Run  Laboratories, 
The  University  of  Michigan,  August  1973. 
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o O 

5145A  and  a reconstruction  wavelength  of  6328A,  such 

laser  wavelengths  being  readily  available.  The  hologram 

elements  were  specified  to  have  four -inch  diameter  clear 

apertures  and  to  be  recorded  on  five -inch  square  micro- 

flat  glass  substrates.  In  addition,  construction  focal 

lengths  of  1.0  meter  and  0.2  meters  were  specified, 

resulting  in  an  angular  magnification  of  five. 

At  this  point  all  the  parameters  necessary  for  con- 
struction of  a system  have  been  specified  except  for  the 
offset  angles  of  the  construction  and  reconstruction 
beams.  Drawing  from  past  experience,  it  was  decided  to 
start  by  making  the  normal  to  the  hologram  surface  bisect 
the  angle  formed  by  the  object  and  reference  beams  during 
construction.  Referring  to  Figure  1,  this  implies  that 
ol  — - aD  for  both  hologram  elements.  Such  a condition 
was  found  to  have  the  least  amount  of  aberrations  in 
the  previously  studied  case  of  a telescope  with  no  wave- 
length shift.  From  a materials  standpoint,  such  a 
condition  also  insures  that  distortions  due  to  noruniform 
emulsion  shrinkage  will  be  minimal,  since  the  fringes 
will  generally  lie  perpendicular  to  the  surface  of  the 
emulsion.  For  convenience,  otQ  and  were  chosen  to 
be  ten  degrees. 
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(a)  Objective  Element 


(b)  Eyepiece  Element 


FIGURE  1.  CONSTRUCTION  GEOMETRIES  FOR  FIRST  TELESCOPE 
DESIGN  (#1).  X = 5145  A. 
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It  is  now  possible  to  specify  an  initial  reconstruc- 
tion geometry  based  on  the  above  parameters.  Recalling 
that  a change  in  wavelength  when  reconstructing  a holo- 
gram element  produces  a change  in  both  image  angle  and 
focal  length,  it  is  necessary  to  use  the  first  order 
imaging  equations  to  correct  for  these  changes.  The 
changes  in  focal  length  for  the  two  elements  can  be 
computed  immediately  using  the  equation 


1_ 

R, 


+ y ( 


- i-) 

R0  RR 


where  Rq  and  RR  are  the  object  and  reference  beam  focal 
lengths,  respectively,  R^  and  Rq  are  the  image  and  recon- 
struction beam  focal  lengths,  respectively,  and  y = Xq/Aq 
is  the  ratio  of  the  reconstruction  and  construction  wave- 
lengths . 

o 

In  the  case  of  the  first  elements  Ap  = 6328A, 
o 

Xq  = 5145A,  RR  = RQ  = °°,  Rq  = 1 meter  and  thus  R^.  = .81305 
meters.  Likewise,  for  the  second  element  R^  = .16261 
meters.  From  these  results  it  can  be  seen  that  a radial 
separation  of  .81305  + .16261  = .97566  meters  is  needed 
to  provide  a confocal  arrangement. 
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The  change  in  angular  location  of  the  image  beam 
with  a change  in  wavelength  presents  more  of  a problem. 
At  this  point  tne  first  element  alone  was  optimized 
to  determine  the  best  angle  of  the  reconstruction  beam. 
The  best  angle  in  this  case  is  the  angle  for  which  the 
exit  wavefront  has  a minimum  of  aberrations.  Having 
chosen  the  reconstruction  angle,  the  image  angle  and 
hence  the  angular  separation  of  the  two  elements  i; 
determined  by  the  equation 

sin  otj  = sin  ac  + y (sin  aQ  - sin  aR) . 

Solving  this  equation  with  = -14.9°,  = +10°  and 

= -10°  we  find  that  a^.  = +9.7889°.  A holographic 
telescope  with  wavelength  shift  can  now  be  specified 
in  detail.  From  here  on  it  is  just  a matter  of  using 
the  hologram  ray  tracing  programs  to  optimize  the 
various  parameters  for  peak  performance.  A diagram 
of  the  completed  telescope  is  given  in  Figure  2 along 
with  the  final  parameter  values  given  in  Table  1. 

Figure  3 is  a graph  of  the  predicted  exit  wavefront 
aberrations  as  a function  of  input  field  angle.  The 
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TABLE  1. 
#1 

TWO  ELEMENT  TELESCOPE 
DESIGN  PARAMETERS 

HOLOGRAM  1 

HOLOGRAM  2 

aQ  = 10°,  Rq  = -1  m. 

“o  - 9-59°.  R0 

°R  * -100'  RR  * " 

aR  = -10°.  RR  ' 

a12  = 9.78°,  R^2  ~ -.9762  m 
ac  = -14. 9°,  Rc  = °° 

= -14. 9°,  R-j.  = °° 

XQ  = 5145A,  Xc  = 6328A 
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Ag  TOTAL  aberrations 


INPUT  FIELD  ANGLE 


FIGURE  3.  EXIT  WAVEFRONT  TOTAL  ABERRATIONS  AS  A FUNCTION  OF 

ANGLE  FOR  TELESCOPE  #1 


INPUT  FIELD 
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input  field  angle  has  been  normalized  such  that  an  input 
field  angle  of  zero  corresponds  to  a reconstruction  angle 
of  -14.9°  on  the  first  element  of  the  telescope.  It  is 
apparent  upon  inspection  that  the  aberrations  are  not 
symmetrical,  being  relatively  flat  for  negative  field 
angles  and  increasing  rapidly  for  positive  field  angles. 

In  addition,  two  significant  anomalies  occur  at  zero 
and  -1.5°  field  angles;  the  exact  source  of  these  ano- 
malies is  unclear.  Considering  that  holographic  optical 
s_  stems  rely  heavily  on  the  aberrations  of  one  hologram 
offsetting  or  compensating  for  the  aberrations  in  another 
hologram,  these  anomalies  may  be  cases  in  which  the 
aberrations  are  instead  compounded.  Certainly  such  ano- 
malies are  undesirable,  and,  as  we  shall  see  in  later  designs, 
they  can  be  eliminated. 

An  important  parameter  in  evaluating  a telescope 
design  is  the  field-of -view.  This  is  a fairly  straight- 
forward calculation  if  we  assume  the  projected  input 
aperture  on  the  second  hologram  to  be  of  constant 
size.  From  geometry  it  can  be  seen  that  in  the  on-axis 
case  the  projected  aperture  is  1/5  the  input  aperture, 
or  .8  inches  for  telescope  #1  (see  Figure  2).  Taking 
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the  limiting  case  to  be  when  the  projected  aperture 
is  at  the  edge  of  the  second  hologram  aperture,  it  can 
be  calculated  that  the  angle  of  the  exit  beam  of  the 
first  hologram  must  be  within  the  range  7.418°  to 
12.117°.  In  other  words 

7.418°  < a < 12.117° 

for  the  first  hologram  element.  Using  this  range  in  the 
previous  grating  equation  we  find  that  the  input  field 
angle  has  the  range 

-12.547°  < ac  < -17.340° 

or  that  the  f ield-of-view  is  approximately  +2.4° . De- 
pending upon  the  application  this  may  or  may  not  be  an 
adequate  f ield-of-view.  Certainly  if  a larger  field-of- 
view  were  desired,  the  second  element  could  be  made 
larger,  however,  not  without  a corresponding  increase 
in  aberrations  around  the  periphery  of  the  image.  Of 
more  interest  is  the  technique  of  employing  a field  lens 
element  between  the  two  elements  for  increased  field-of- 
view.  Such  a technique  has  been  studied  and  will  be  dis- 
cussed in  detail  in  Section  Three. 
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2.1.2  TELESCOPE  #1  - IMPLEMENTATION  & TESTING 

The  two  hologram  elements  shown  in  Figure  1 were 

constructed  on  five-inch  square  microflat  plates  with 

a thickness  one  quarter  inch.  The  construction  wave- 
o 

length  was  5145A  from  an  argon  laser  and  the  reconstruction 

o c 

wavelength  was  either  5145A  or  6233A,  the  latter 

provided  by  a helium-neon  laser.  Each  hologram  was 

then  individually  tested  at  each  wavelength.  Figure  4 

shows  the  geometry  used  for  testing  the  elements.  Basically 

it  consisted  of  a four-inch  diameter  collimated  beam 

illuminating  the  hologram  at  angle  and  a microscope- 

camera  assembly  positioned  to  record  the  point  focus  of 

the  hologram  element.  Figures  5a  and  5b  show  point 

focus  photographs  of  the  first  hologram  element  at  each 

wavelength.  The  angle  ot^  of  the  test  geometry  was  10° 
o o 

for  the  5145A  case  and  14.9°  for  the  6328A  case.  As 

predicted  and  expected,  the  performance  at  6328A  is 

significantly  degraded.  Test  photographs  for  the  second 

element  are  shown  in  Figures  6a  and  6b.  Although  these 

point  foci  are  worse  because  of  the  higher  f-number  of 

the  second  element  when  operated  at  full  aperture,  note 

that  this  element  is  only  used  at  1/5  the  full 

for  any  given  field  angle. 


aperture 


FIGURE  4.  POINT  FOCUS  TEST  GEOMETRY  FOR  INDIVIDUAL  HOLOGK  M ELEMENTS 
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(b)  6328  A 


FIGURE  6.  POINT  FOCUS  OF  EYEPIECE  ELEMENT  FOR  TELESCOPE  #1 
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The  assembled  telescope  was  tested  in  several  manners. 
First,  a test  geometry  as  shown  in  Figure  7 was  implemented 
at  both  wavelengths.  The  telescope  was  illuminated  by 
a collimated  four-inch  diameter  beam  at  the  appropriate 
angle  ac  and  the  resulting  collimated  image  beam  was 
brought  to  focus  by  a high  quality  imaging  lens.  Photo- 
micrographs of  the  point  focus  may  be  seen  in  Figure  8, 
and  as  anticipated,  there  is  a significant  degradation 
in  the  point  focus  as  a result  of  wavelength  shift. 

A second  test  was  made  using  the  geometry  shown  in 
Figure  9.  In  this  test  a reference  plane  wave  was 

^cted  from  the  illumj.natxon  source  and  subsequently 
interfered  with  the  telescope  exit  beam.  Such  a condi- 
tion will  produce  an  interferogram  or  fringe  plot 
indicating  the  relative  phase  differences  of  the  two 

beams.  It  can  be  seen  from  the  photographs  in  Figure 
o 

10  that  at  5145A  there  is  little  phase  change  across 

o 

the  exit  pupil,  while  at  6328A  there  are  approximately  8 
fringes,  corresponding  well  with  the  predicted  value  of 
10  wavelengths. 
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A more  important  gauge  of  telescope  performance  is 
seen  in  the  third  test.  Figure  11  depicts  the  test  geo- 
metry used  to  determine  the  angular  resolution  of  the 
hologram  telescope.  An  Air  Force  resolution  targeu  is 
back  illuminated  by  a diffuse  source  of  monochromatic 
light,  a high  quality  imaging  lens  is  used  to  focus 
the  target  at  infinity,  and  a camera  is  used  at  the 
exit  pupil  to  photograph  the  telescope  image.  Photo- 

o 

graphs  of  the  image  with  illumination  wavelengths  of  5145A 
o 

and  6328A  are  shown  in  Figure  12.  Detailed  inspection  of 

the  original  films  indicates  a resolution  of  72  lines  per 

o o 

millimeter  at  5145A  and  29  lines  per  millimeter  at  6328A. 

These  figures  are  a bit  deceiving  since  the  target  is 
imaged  at  infinity.  A better  measure  is  angular  reso- 
lution, which  can  be  calculated  knowing  the  focal  length 
of  the  imaging  lens ; in  this  case  a lens  of  focal  length 

sixty  inches  was  used,  providing  an  angular  resolution  of 

0 ° 
1.88  arc  seconds  at  5145A  and  4.75  arc  seconds  at  6328A. 

Similar  calculations  were  performed  with  the  resolu- 
tion target  off  axis  by  +1°.  With  a reconstruction  wave- 
o 

length  of  5145A,a  resolution  of  8.46  arc  seconds  was 
attainable  at  -1  degree  and  11.87  arc  seconds  at  +1 
degree.  This  data  agrees  well  with  the  predicted  wave- 
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FIGURE  12.  RESOLUTION  TARGET  FOR  TELESCOPE  #1 
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front  aberrations  as  a function  of  input  angle.  In 
general,  the  first  telescope  design  worked  well  and 
as  calculated  in  the  design. 

This  design  was  not  considered  optimum  because  of 
the  limited  f ield-of-view  and  the  anomalies  in  the 
aberrations  which  were  shown  in  Figure  3.  To  correct 
this  latter  problem  a second  design  was  undertaken. 

2.2  TELESCOPE  #2 

The  previous  design  is  best  considered  as  the  first 
approach  to  the  evolutionary  design  process.  One 
major  limitation  was  image  quality  which  is  a direct 
result  of  the  large  and  uncontrolled  aberrations.  The 
intent  of  this  design  is  to  refine  the  design  and 
improve  the  performance  substantially. 

2.2.1  TELESCOPE  # 2 - DESIGN 

Design  of  the  second  telescope  proceeded  in 
essentially  the  same  manner  as  the  first  telescope. 

It  was  possible,  however,  to  take  advantage  of  the  results 
of  a concurrent  study  of  single  hologram  elements  with 
wavelength  shift  (see  Section  7).  The  results  of  that 
study  which  are  applicable  to  this  design  are  summarized 
in  the  following  statement:  for  the  case  of  Q = 1 

holograms,  i.e.  holograms  made  with  a plane  wave  and 


41 


2jp 


FORME  RL 


WILLOW  RUN 


A BORA  TORIES  THE  UNIVERSITY  OF  MICHIGAN 


a point  source,  the  construction  geometry  producing  the 
least  aberrations  upon  reconstruction  will  have  the 
point  source  on  the  axis  of  the  hologram  and  the  plane 
wave  off-axis.  In  addition,  if  a wavelength  shift  is 
employed  during  reconstruction,  the  angle  of  reconstruc- 
tion should  be  altered  to  produce  an  on-axis  image. 

Application  of  these  rules  to  the  two  element 
telescope  design  has  produced  the  construction  and  recon- 
struction geometries  shown  in  Figures  13  and  14, respectively . 
Table  2 contains  the  specific  parameter  values  as  opti- 
mized by  the  hologram  ray  tracing  programs.  A graph  of 
total  predicted  wavefront  aberrations  as  a function  of 
input  field  angle  is  shown  in  Figure  15  for  the  second 
telescope  design.  It  is  immediately  obvious  in  comparing 
this  graph  with  the  corresponding  graph  for  the  first 
telescope  design  (Figure  3)  that  some  significant  im- 
provements have  been  made.  The  second  telescope  design 
does  not  exhibit  any  aberration  anomalies  and  is  very 
nearly  symmetric.  In  addition,  the  aberrations  cn-axis 
have  been  reduced  to  one- tenth  of  their  previous  value 
while  the  aberrations  at  +2  degrees  off-axis  have  been 
reduced  to  one-half  their  previous  value. 
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(b)  Eyepiece  Element 

FIGURE  13.  CONSTRUCTION  GEOMETRIES  FOR  SECOND  TELESCOPE 
(#2)  DESIGN.  A =5145  A. 
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TABLE  2.  TWO  ELEMENT  TELESCOPE 
#2  DESIGN  PARAMETERS 


HOLOGRAM  1 
«0  " °°,  Rq  ■ -1  m 


“r  * 20 


rr  " 


HOLOGRAM  2 


a0  = 0 . Rq  = .2  „ 
“R  * 20°.  ^ * “ 


~ 0°.  R^2  = “-276  m 

ac  = 24.87°,  Rc  = » 

oi j = 24.87°,  R_  = oo 

o o 

AQ  = 5145A,  Ac  = 6328A 
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Performing  the  calculations  as  previously  to  deter- 
mine field-of-view,  it  is  found  that  the  second  telescope 
design  has  a field-of-view  of  approximately  +2.6°.  The 
following  section  discusses  the  implementation  and  testing 
of  the  second  telescope  design. 

2.2.2  TELESCOPE  #2  - IMPLEMENTATION  & TESTING 
As  before  the  two  hologram  elements  of  the  second 
telescope  design  were  constructed  on  five-inch  square 

microflat  plates,  one  quarter  inch  thick.  The  construction 

o o 

and  reconstruction  wavelengths  were  again  5145A  and  6238A, 
respectively.  To  as  great  an  extent  as  possible,  identical 
testing  procedures  were  used  to  test  the  second  telescope 
design  as  were  used  in  testing  the  first  telescope  design. 
Using  the  test  geometry  as  shown  in  the  previous  Figure 
4,  point  focus  photographs  were  made  of  both  hologram  ele- 
ments at  the  two  wavelengths.  Figure  16  shows  the  point 

o o 

foci  of  the  first  element  at  5145A  and  6328A  wavelengths 
while  Figure  17  shows  the  point  foci  of  the  second 
element.  As  can  be  seen  from  these  photographs  when 
observing  an  aberrated  point  focus,  it  is  difficult  to 
ascertain  the  degree  of  aberration  present.  In  an  attempt 
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(b)  6328  A 

FIGURE  16.  POINT  FOCUS  OF  OBJECTIVE  ELEMENT  FOR 
TELESCOPE  #2 
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to  better  evaluate  the  individual  hologram  elements  we 

decided  to  perform  the  point  focus  test  with  a reduced 

aperture  and  in  this  way  find  the  largest  aperture  that 

would  still  provide  diffraction  limited  performance. 

Figure  18  shows  the  diffraction  limited  point  foci  for 

o 

the  two  hologram  elements  when  operated  at  6328A.  For 
the  first  element  the  aperture  was  approximately  two  inches 
in  diameter,  while  for  the  second  element  the  aperture 
was  about  .8  inch  in  diameter.  These  limiting  apertures 
were  found  to  correspond  exceedingly  well  with  aperture 
size  predicted  by  the  hologram  ray  tracing  program  for 
one-quarter  wavelength  aberrations. 

Point  focus  photographs  were  also  made  of  the  tele- 
scope configuration  with  the  test  geometry  of  the  previous 
Figure  7.  Figure  19  shows  these  point  foci  with  input 

apertures  of  four  inches  and  2.8  inches,  and  a reconstruction 

o 

wavelength  of  6328A.  At  an  aperture  of  2.8  inches  the 
telescope  is  operating  at  diffraction  limit,  again 
agreeing  well  with  the  computer  analysis . 

Finally,  resolution  target  images  were  photographed 
using  the  test  geometry  depicted  earlier  in  Figure  11.  At 
a full  aperture  of  four  inches , the  on-axis  targets  in  Figure 
20  were  recorded.  Calculating  as  before  we  find  that  at  a 
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(a)  Objective  Element  with  2-in.  Aperture 


(b)  Eyepiece  Element  with  0.8-in.  Aperture 


FIGURE  18.  DIFFRACTION  LIMITED  POINT  FOCUS  AT  6328 
FOR  TELESCOPE  #2 
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(a)  4-in.  Aperture 


(b)  2.8-in.  Aperture 

FIGURE  19.  POINT  FOCUS  OF  ASSEMBLED  TELESCOPE  #2 
AT  6328  A 
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FIGURE  21. 


(b)  6328  A 

JLUTION  TARGET  FOR  2.8-in.  APERTURE 
FOR  TELESCOPE  #2 
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o 

wavelength  of  5145A  an  angular  resolution  of  1.48  arc 

o 

seconds  is  achieved  while  at  6328A  an  angular  resolution 

of  2.11  arc  seconds  is  possible.  These  results  show  a 

o 

small  increase  in  the  resolution  at  5145A  compared  with 
the  first  telescope  design,  but  more  important,  a very 

o 

significant  increase  is  found  in  the  resolution  at  6328A. 

If  the  input  aperture  is  subsequently  reduced  to  2.8 

inches,  a small  additional  increase  in  resolution  occurs 

as  may  be  seen  in  Figure  21.  The  final  resolutions 

o 

were  1.32  arc  seconds  at  5145A  and  1.88  arc 
o 

seconds  at  6328A,  comparing  extremely  well  with  corresponding 
theoretical  resolutions  of  1.49  arc  seconds  and  1.84  arc 
seconds . 

As  anticipated,  the  second  telescope  design  performed 
better  than  the  first  telescope  design,  particularly  when 
a wavelength  shift  occurred  during  reconstruction.  This 
design  was  consequently  used  as  a starting  point  for  the 
design  of  a three  element  telescope.  Before  discussing  the 
three  element  telescope  designs,  however,  it  may  be  in- 
teresting to  examine  a third  two  element  telescope  design. 
2.3  TELESCOPE  #3 

The  design  for  telescope  #2  represents  a reasonable 
limit  to  the  performance  of  this  basic  imaging  system. 
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(a)  5145  A 


(b)  6328  A 

FIGURE  21.  RESOLUTION  TARGET  FOR  2.8-in.  APERTURE 
FOR  TELESCOPE  #2 
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It,  however,  has  several  drawbacks  as  we  saw,  and  these  will 
be  addressed  in  more  detail  in  Section  3.  Let  us  now  take 
a somewhat  different  tack  in  that  we  will  vary  a para- 
meter that  one  might  not  normally  modify  in  a conventional 
holographic  optics  design. 

2.3.1  TELESCOPE  #3  - DESIGN 

The  hologram  ray  tracing  programs  provide  a degree 
of  flexibility  far  greater  than  that  attainable  in  the 
laboratory.  It  is  of  interest  to  see  what  further  improve- 
ments could  be  made  to  the  two  element  telescope  design 
without  the  limitation  that  the  design  be  realizable  with 
existing  techniques.  The  third  telescope  was  designed 
allowing  the  second  element  to  have  a curved  substrate. 

In  essence,  the  second  telescope  design  was  optimized 
allowing  the  second  hologram  element  to  be  a spherical 
surface  with  its  axis  collinear  with  the  axis  of  the  first 
hologram  element.  The  optimized  hologram  construction  geo- 
metries are  shown  in  Figure  22  and  the  telescope  geometry 
in  Figure  23.  The  radius  of  curvature  of  the  second  element 
providing  optimal  operation  is  .77  meters.  Figure  24 
shows  a plot  of  total  aberrations  versus  input  field  angle 
for  this  third  telescope  design.  Comparing  this  plot  with 
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INPUT  FIELD  ANGLE 


O 


FIGURE  24.  EXIT  WAVEFRONT  TOTAL  ABERRATIONS  AS  A FUNCTION  ON  INPUT  FIELD 

ANGLE  FOR  TELESCOPE  #3 
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the  corresponding  plots  for  the  first  and  second  designs, 
it  is  seen  that  an  additional  50%  reduction  in  aberrations 
at  +2°  has  been  attained. 

Although  the  construction  of  this  design  is  difficult 
from  a materials  standpoint,  It  is  possible  that  as  sub- 
strate and  emulsion  coating  techniques  are  perfected  this 
design  could  be  employed.  Certainly,  if  the  advantages 
of  curved  hologram  elements  are  great,  the  techniques  for 
construction  can  be  developed. 

2.4  CONCLUSIONS 

This  section  has  illustrated  quite  well  our  previous 
knowledge  of  the  basic  two  element  telescope.  That  is, 
there  are  some  severe  limitations  in  that  only  two  ele- 
ments are  present;  the  major  one  is  that  the  field-of- 
view  is  limited.  More  importantly  the  basic  design  parallels 
our  experience  in  conventional  optics  even  though  a rather 
significant  wavelength  shift  is  present  from  construction 
to  reconstruction.  The  work  here  effectively  validates 
many  of  the  techniques  which  are  used  to  compensate  for  the 
wavelength  shift. 
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THREE  ELEMENT  TELESCOPES 

It  is  often  desirable  to  have  a wide  field-of -view 
telescope.  With  the  two  element  telescopes  of  the  preceding 
section,  we  have  seen  that  field-of -view  is  limited  by 
the  aperture  of  the  eyepiece.  Inasmuch  as  the  eyepiece 
inherently  has  a small  focal  length  to  provide  high  magni- 
fication, enlarging  the  aperture  of  the  eyepiece  is  limited 
by  the  additional  aberrations  involved  with  low  f-numbers . 

An  alternate  method  of  increasing  the  field-of -view  of 
a telescope  without  enlarging  the  eyepiece  aperture  is 
the  addition  of  a third  element  called  a field  lens. 

In  essence,  a field  lens  is  placed  between  the  objec- 
and  eyepiece  at  the  location  of  the  real  image  pro- 
duced by  the  objective.  It  has  the  effect  of  redirecting 
the  off-axis  rays  from  the  objective  back  onto  the  eyepiece. 
In  practice,  field  lenses  are  displaced  slightly  from  the 
aforementioned  position  to  allow  for  the  addition  of  a 
reticle.  In  addition,  a slight  displacement  is  advisable 
in  preventing  blemishes  or  dust  contained  on  the  field  lens 
from  being  sharply  focused  by  the  eyepiece. 
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3.1  TELESCOPE  #1 

In  this  telescope  we  would  like  to  take  the  design 
developed  for  the  two-element  telescope  #2  and  add  a field 
lens.  This  then  allows  us  to  directly  compare  the  results 
of  the  two  systems. 

3.1.1  TELESCOPE  #1  - DESIGN 

A holographic  telescope  with  a field  lens  for  added 
f ield-of-view  has  been  designed  and  tested.  Figure  25 
shows  construction  details  of  the  completed  design  with 
the  second  element  being  the  field  element.  The  objec- 
tive element  and  eyepiece  element  of  this  three  element 
telescope  are  identical  to  the  elements  in  the  second 
two  element  telescope  design.  In  fact,  the  telescope 
geometry  is  very  similar  with  the  exception  of  a rotation 

and  displacement  of  the  eyepiece  element  as  seen  in  Figure 

o 

26.  As  before,  the  construction  wavelength  was  5145A 

o 

and  the  operating  wavelength  was  6328A.  It  can  be  cal- 
culated at  this  point  that  for  a +5  degree  f ield-of-view, 
twice  that  obtainable  with  the  two  element  telescope 
designs,  it  is  only  necessary  to  have  a five  inch  diameter 
field  element.  Table  3 illustrates  the  element  sizes 
necessary  for  a given  f ield-of-view. 

A three  element  telescope  design  can  provide  a 
reduction  in  element  size  but  not  without  a price.  Adding 
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TABLE  3 

TWO  AND  THREE  ELEMENT  DIAMETERS  FOR  TWO  ELEMENT 
DESIGN  #2  AND  THREE  ELEMENT  DESIGN  #1  AS  A 
FUNCTION  OF  THE  FIELD-OF-VIEW 


Two  Element 
Design  #2 

Three  Element  Design  #1 

Element  1 

Element  2 

Element  1 

Element  2 

Element  3 

Minimum  Element 
Diameter  - +2.5° 
Field-of-View 

.1016  m 

.0992  m 

.1016  m 

— 
.0647  m 

.0582  m 

Minimum  Element 
Diameter  - +5° 
Field-of-View 

.1016  m 

.1805  m 

.1016  m 

.1318  m 

.0973  m 

Term 


FORMERLY  WILLOW  RUN  LABORATORIES  THE  UNIVERSITY  OF  MICHIGAN 


an  additional  hologram  element  reduces  the  overall  tele- 
scope efficiency.  The  added  element  may  also  introduce 
unwanted  aberrations  into  the  system,  and  since  the  eyepiece 
operates  at  larger  input  angles,  it  may  also  introduce 
efficiency  fall-offs  due  to  mismatch  with  the  Bragg  angle. 
Despite  these  drawbacks,  the  first  three  element  telescope 
design  performs  well,  considering  its  wide  field-of-view, 
as  may  be  seen  from  the  graph  of  Figure  27.  The  total 
aberrations  remain  under  15a  for  negative  input  field 
angles  to  minus  five  degrees.  Positive  input  field  angles, 
however,  show  a sharp  increase  in  total  aberrations 
approaching  60a  at  plus  five  degrees.  Such  asymmetry 
has  been  found  in  the  pact  to  be  indicative  of  a system 
which  is  not  optimized  completely.  In  the  second  three 
element  telescope  design,  this  problem  will  be  studied. 

3.1.2  TELESCOPE  #1  - IMPLEMENTATION  & TESTING 

Construction  of  the  first  three  element  telescope 
design  simply  entailed  making  the  field  element,  the  ob- 
jective and  eyepiece  elements  having  already  been  constructed 
for  the  second  two  element  design.  A test  geometry  similar 
to  that  described  previously  in  Figure  11  was  used  to  de- 
termine the  angular  resolution  of  the  telescope.  Figure 
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FIGURE  27.  EXIT  WAVEFRONT  TOTAL  ABERRATIONS  AS  A FUNCTION  OF  INPUT  FIELD  ANGLE  FOR 

TELESCOPE  #1 
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28  contains  photographs  of  the  on-axis  resolution  target 
with  the  field  element  in  two  different  positions.  In 
the  first  photograph,  the  field  element  is  located  pre- 
cisely at  the  focal  point  of  the  objective  element, 
while  for  the  second  photograph  the  field  element  was 
displaced  approximately  one  centimeter  from  its  previous 
location.  As  may  be  seen,  the  second  position  is  some- 
what better  than  the  first.  Calculation  of  the  angular 
resolution  for  each  case  yields  4.75  arc  seconds  and  3.33 
arc  seconds,  respectively. 

3.2  TELESCOPE  #2 

Let  us  now  consider  another  design, similar  to  that 
discussed  in  Section  2.3,  where  we  would  like  to  signi- 
ricantly  extend  the  design.  We  will  resort  to  techniques 
that  may  be  difficult  to  implement  but  with  the  intent 
of  improving  the  performance. 

3.2.1  TELESCOPE  #2  - DESIGN 

As  mentioned  previously,  the  first  three  element  tele- 
scope design  exhibited  a nonsymmetrical  distribution  of 
aberrations  across  the  exit  pupil, indicative  of  a non- 
optimal  design.  In  the  second  three  element  telescope  design 
an  attempt  was  made  to  determine  the  optimal  design.  Figure 
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(a)  Field  Element  at  Focal  Point 
of  Objective  Element 


(b)  Field  Element  Displayed  1 cm 
from  Focal  Point  of  Objective  Ele- 
ment 


FIGURE  ^8.  RESOLUTION  TARGET 
AT  6328A  FOR  TELESCOPE  DESIGN#! 
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29  and  Figure  30  show  the  construction  and  reconstruction 
geometries  of  the  totally  optimized  three  element  design. 

As  can  be  seen,  it  was  necessary  to  make  the  field  element 
an  in-line  hologram.  Although  such  a construction  is 
possible,  it  is  impractical  due  to  interference  from  the 
conjugate  image  and  from  the  undiffracted  term.  In 
addition,  such  a construction  geometry  results  in  a thin 
hologram,  characterized  by  a less  than  optimum  efficiency. 
Figure  31,  however,  demonstrates  the  superior  theoretical 
performance  of  such  a system  should  the  above  mentioned 
drawbacks  be  eliminated. 

3.3  CONCLUSIONS 

The  results  quite  clearly  indicate  that  the  addition 
of  a third  element  to  the  design  has  significantly  improved 
the  system  performance.  In  general,  a penalty  has  been 
paid  by  light  loss  because  the  added  element  will  not  have 
100%  transmission  efficiency.  The  second  design  is  interesting 
in  that  it  illustrates  the  limit  to  which  these  systems  may 
perform  with  only  a slight  change  in  the  design  parameters. 
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4 

INFRARED  OPTICAL  ELEMENTS 

One  of  the  most  interesting  and  most  promising  areas 
for  apolication  of  hologram  optical  elements  is  the  infra- 
red spectrum.  The  less  than  optimal  performance  of  con- 
ventional refractive  optics  in  the  near  infrared  and  their 
inherent  complexity  of  design  makes  hologram  optical  ele- 
ments a very  viable  alternative.  A drawback  in  the  past, 
however,  has  been  the  lack  of  suitable  emulsions  sensitive 
in  the  infrared,  not  to  mention  the  availability  of  good 
coherent  sources  at  infrared  wavelengths.  These  drawbacks 
have  been  circumvented  to  a large  extent  by  the  technique 
of  wavelength  shift  developed  under  this  contract.  In 
essence,  conventional  coherent  sources  at  visible  wave- 
lengths and  conventional  emulsions  are  used  to  produce  a 
holographic  optical  element  usable  at  infrared  wavelengths. 
The  following  sections  describe  the  design  and  evaluation 
of  just  such  an  element. 

4.1  SINGLE  ELEMENT  LENS  - 1.15  y 

As  a first  step  we  will  consider  a very  simple  large 
wavelength  shift  design.  This  is  a simple  lens  that  is 
to  be  made  in  the  visible  spectrum  and  reconstructed  at 
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1.15  y.  The  lens  will  then  be  tested  to  determine  its 
agreement  with  the  design  parameters. 

4.1.1  INFRARED  LENS  - DESIGN 

The  techniques  developed  through  the  single  element 

analysis  at  large  wavelength  shifts  were  applied  to  design 

an  infrared  lens.  The  construction  wavelength  was  chosen 
o 

to  be  5145A  and  the  reconstruction  wavelength  was  chosen 
to  be  1.15  y . The  element  size  was  specified  at  four 
inches  diameter.  Figure  32  shows  the  construction  and 
reconstruction  geometry  of  the  optimized  element.  The 
on-axis  total  aberration  as  predicted  by  the  ray  tracing 
programs  is  . 90A  across  the  four  inch  aperture. 

4.1.2  INFRARED  LENS  - IMPLEMENTATION  & TESTING 
The  infrared  holographic  element  was  constructed  as 

shorn  in  Figure  32.  Reconstruction  was  performed  with  a 
helium-neon  laser  modified  to  operate  at  1.15  y.  Inas- 
much as  1.15  y radiai_ion  is  invisible  to  the  human  eye  and 
also  most  photographic  film,  evaluation  of  the  perfor- 
mance of  the  lens  was  difficult.  A test  geometry  as  shown 
in  Figure  33  was  finally  employed  to  obtain  a photograph 
of  the  point  focus.  Essentially  the  test  setup  consists 
of  a four  inch  off-axis  collimating  mirror  to  provide  a 
plane  wave  reconstruction  beam.  The  resulting  infrared 
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point  focus  was  then  magnified  by  a microscope  assembly 
and  projected  onto  an  infrared  sensitive  phosphor.  The 
phosphor  emits  in  the  green  region  of  the  visible  spectrum 
when  illuminated  at  1.15  y.  The  resulting  phosphor  image 
was  then  photographed  and  is  shown  in  Figure  34.  The  dark 
spots  seen  in  the  photograph  are  characteristic  of  the 
grain  inherent  in  the  phosphor. 

The  spot  size  of  the  infrared  point  focus  was  deter- 
mined to  be  on  the  order  of  20  y diameter  compared  with 
a diffraction  limited  spot  size  of  7.6  y diameter.  In 
order  to  see  how  well  the  spot  size  compared  with  that 
predicted  by  the  hologram  ray  tracing  program,  a series  of 
intercept  plots  were  generated.  The  first  point  plot 
shown  in  Figure  35  shows  the  distribution  of  rays  used  as 
input  to  the  infrared  lens.  The  resulting  point  focus 
is  shown  in  the  second  plot.  As  may  be  seen,  the  entire 
point  focus  occupies  a region  of  approximately  50  y 
diameter  with  the  major  portion  of  the  point  focus  lying 
within  20  y.  This  corresponds  well  with  the  observed 
spot  size  taking  into  account  the  limited  resolution  and 
response  provided  by  the  imaging  phosphor. 
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FIGURE  34  POINT  FOCUS  OF  INFRARED  HOLOGRAPHIC 
ELEMENT  AT  1.15  \x.  Diffraction  limited  spot  size  = 7.63  p. 
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4.2  TWO  ELEMENT  TELESCOPE  - 10.6  y 

At  infrared  wavelengths  beyond  1.15  y the  performance 
of  conventional  refractive  optics  begins  to  deteriorate 
rapidly:  at  10.6  y,  for  example,  conventional  glass 

becomes  h ghly  absorptive.  Yet  10.6  y is  a wavelength 
of  considerable  interest  for  several  reasons.  The  highly 
powerful  C02  leaer  has  its  primary  line  at  10.6  y,  and  in 
addition,  there  exists  an  atmospheric  window  around  the 
10.6  y wavelength  region.  It  is  reasonable  to  consider  the 
use  of  10.6  y for  high  data  rate  space  and  satellite 
communications . 

4.2.1  DESIGN 

It  was  decided  to  try  to  apply  the  techniques  de- 
veloped in  the  single  element  analysis  (presented  in 
Section  7 of  this  report)  to  the  problem  o f imaging  at 
10.6  y.  In  light  of  the  absorption  of  10.6  y radiation 
by  glass  substrates,  not  to  mention  photographic  emulsions, 
reflection  type  diffractive  optics  are  a necessity.  Such  a 
reflective  grating  relies  on  surface  relief  for  its  dif- 
fractive imaging.  In  practice,  a hologram  element  is  made 
with  a photoresist  emulsion  which  is  subsequently  over- 
coated with  a highly  reflective  material  to  assure  maximum 
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efficiency.  A more  detailed  discussion  concerning  this 
process  may  be  found  in  Appendix  A. 

Figure  36  contains  construction  details  for  a two 
element  telescope  operating  at  10.6  vi  with  a magnifica- 
tion power  of  2X.  The  construction  wavelength  specified 
o 

was  5145A,  however,  any  visible  wavelength  could  be  used 
with  appropriate  alterations  of  the  construction  geometry. 
The  telescope  geometry  is  shown  in  Figure  37.  It  should 
be  noted  that  the  telescope  operates  as  a reflective  system. 
The  element  sizes  are  designated  to  be  of  four  inch  dia- 
meter, however,  larger  aperture  systems  are  certainly 
feasible.  A graph  of  total  aberrations  across  the  exit 
pupil  versus  the  input  f ield-of -view  as  shown  in  Figure 
38  depicts  a system  of  fairly  reasonable  aberrations 
across  a ten  degree  f ield-o^-view.  Two  r-momalies  near 
the  on-axis  condition  give  ri~e  to  higher  aberrations,  but 
these  may  be  eliminated  with  further  design  refinements. 

4.3  CONCLUSIONS 

These  results  for  both  the  single  lens  at  1.15  p and 
the  two  lens  design  at  10.6  y graphically  illostrate  the 
flexibility  with  which  holographic  optics  may  be  used. 
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FIGURE  36.  CONSTRUCTION  GEOMETRIES  FOR  INFRARED  TELESCOPE  X =514-5  A 
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WIDE  ANGLE  IMAGING  LENS  DESIGN 

In  the  previous  sections  the  emphasis  has  been 
placed  on  a single  basic  design  objective:  telescope. 

This  particular  optical  configuration  is  characterized 
by  relatively  limited  fields  of  view.  Even  with  the 
addition  of  a field  lens  the  angle  in  the  object  field 
is  rather  limited.  In  an  opposite  sense  we  also  explored 
the  possibilities  of  a wide  angle  lens  design.  The 
design  objective  was  a system  that  used  reflective  ele- 
ments, was  focused  at  infinity,  and  operated  at  f/20. 
Further,  we  attempted  to  design  for  a half-field  of  30° , 
however,  the  practical  maximum  which  was  realized  was 
15°. 

5.1  DESIGN  AND  PERFORMANCE 

As  a result  of  several  design  iterations  the  following 
design  parameters  were  established  as  shown  in  Figure  39 
and  Table  4 for  the  lens  objectives  given  above.  The 
light  ray  paths  for  angles  of  olq  = 0° , 10°  and  -15°  are 
shown  in  Figures  4Ga,  40b,  and  40c.  The  limitation  at 
uc  = +1°°  is  due  to  excessive  field  curvature  and  image 
aberration  for  angles  greater  than  this.  Imaging  the 
orthogonal  object  angle,  i.e.,  $ 

-15°  to  +15°. 


O 
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can  easily  be  done  from 
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TABLE  4 

5?JSEn^!?GLE  IMAGING  lens  CONSTRUCTION 
AND  RECONSTRUCTION  GEOMETRY  PARAMETERS 


HOL  1:  aQ  = -45°,  R0  = 0.387  m 

otp  - 0 , R = + oo 

D - .014  m 


HOL  2: 


ao  " °*  R0  = °-181  m 

aR  = -45°,  Rr  = 0.290  m 
D = .115  m 
ORDER  = -1 
Aq  = .4579  pm 


SYSTEM:  a 


12  = “55  , R12  = .097  m 


Aq  - . 4579  m 

RC  = + CO 
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Figures  41a  and  41b  show  the  image  location  as 
a function  of  field  angles  a^,  and  B^.  respectively.  In 
the  B direction,  there  is  a considerable  amount  of  field 
curvature  symmetrically  arranged  about  Br  = 0.  For 
sharp  focus  across  the  entire  field  with  a flat  film,  the 
depth  of  focus  would  have  to  be  +i>  mm,  about  an  order  of 
magnitude  greater  than  can  be  expected  for  an  f/20  system. 

In  the  a direction,  there  is  less  field  curvature  for 

aC  < 7-5°>  but  the  image  plane  is  tilted  by  ribout  5°.  This 
is  due  to  the  change  in  system  focal  length  caused  by 
changes  in  the  distance  rays  travel  between  holograms 
for  different  field  angles  a^,.  Although  this  problem  exists 
for  conventional  optical  systems,  it  is  aggravated  by  the 
dispersive  na  ure  of  the  holographic  optical  elements. 

In  addition  to  field  curvature,  this  lens  design  also 
suffers  from  barrel  distortion. 

Still  more  distortion  is  introduced  by  the  nonlinear 
variation  in  creep  on  Hologram  2 with  changes  in  ar . This 
has  the  effect  of  causing  the  image  plane  to  be  larger 
in  the  x-dimension  than  in  the  y-dimension  for  the  same 
range  of  u^,  and  Bc . In  this  design,  such  distortion  is 
considerable,  causing  the  image  plane  to  be  elongated  in 
a 3:2  ratio. 
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Figures  42a  and  42b  show  the  total  wavefront  aberra- 
tions as  a function  of  and  B^,,  respectively.  With 
the  exception  of  an  anomaly  at  ac  = -7.5°,  the  aberrations 
are  less  than  15A  for  ac  < 8°,  and  are  less  than  8A  for 

the  entire  range  of  Bc.  Astigmatism  and  coma  are  the  domi- 
nant terms. 

A multielement  holographic  lens  system  intended  to  work 
over  a relatively  large  f ield-of-view  must  be  carefully 
designed  so  that  unwanted  diffracted  or  undiffracted 
orders  do  not  reach  the  image  plane.  High  offset  angles, 
volume  holograms,  and  suitably  located  stops  can  be 
used  to  minimize  the  problem,  but  may  reduce  the  lens  per- 
formance in  other  respects.  Although  an  offset  angle  of 
45°  was  chosen  for  the  elements  of  the  lens  described  here, 
it  can  be  seen  in  Figure  40c  that  the  reflected  zero  order 
from  Hologram  2 will  strike  the  film. 

Other  geometric  configurations  considered  were  lifted 
bv  aberrations  of  several  hundred  wavelengths.  These  con- 
figurations included  rotation  of  Hologram  2 by  45°  or  90° 
with  respect  to  Hologram  1,  and  specification  of  equal 
but  opposite  bending  factors  for  the  holograms.  Only 
the  parallel  configuration  with  dimensions  close  to  those 
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of  the  final  system  had  low  aberrations.  In  fact,  an 
evaluation  of  Champagne's  equations2for  this  system 
showed  astigmatism  coefficients  that  were  very  nearly 
equal  but  opposite  for  the  two  holograms,  indicating  that 
the  relatively  low  aberrations  are  due  to  compensation 
by  the  two  holograms  in  the  parallel  configuration. 

The  dimensions  were  chosen  so  that  the  image  would 
fit  approximately  onto  4 incl  _ilm.  The  actual  image 
size  in  the  6 direction  for  a 30°  f ield-of-view  is 
0.171  m,  or  6.93  inches.  The  dimensions  can  all  be 
reduced  by  a scale  factor  to  cover  smaller  film  sizes. 

This  analysis  can  only  be  considered  as  a preliminary 
approach  to  the  problem  of  designing  a wide  angle  lens 
using  holographic  lens  elements.  Although  the  aberrations 
are  probably  tolerable  for  many  applications,  the  field 
curvature  and  distortion  are  probably  too  great  for  most 
applications.  It  may  be  possible  to  reduce  the  aberrations 
still  further  by  slight  modification  of  the  geometric 
parameters  to  provide  even  better  aberration  compensation 
by  the  two  elements.  Image  distortion  may  be  reduced 
by  locating  a stop  between  the  lens  elements,  and  by 
altering  the  relative  positions  of  the  two  elements.  It 


HoSSE' ' Paging,' ^.t^eTs  aShi^aieaS1Ve  °f 

Columbus , Ohio,  July  1967  . 


95 


r 


%ERJ 

F ORMLRL  Y WILLOW  WUN  LABORATORlfcS  THl  UNIVlRSlTY  Or  MICHIGAN 

may  be  possible  to  reduce  the  field  curvature  by  increasing 
the  symmetry  of  the  bending  factors  of  the  elements,  although 
this  may  greatly  increase  the  lens  aberrations. 

The  30°  f ield-of-view  is  not  very  large  for  a wide 
angle  lens.  It  nevertheless  seems  unlikely  that  the 
f ield-of-view  can  be  increased  significantly  in  the  a 
direction  for  a system  employing  two  thin  hologram  elements 
operating  in  the  reflective  mode.  A true  wide  angle  design 
employing  a multielement  holographic  lens  system  may  not 
be  possible  even  in  transmission,  however,  because  of 
the  problem  of  preventing  unwanted  orders  from  reaching 
the  image  plane  for  all  field  angles. 
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LARGE  APERTURE  HOLOGRAM  OPTICAL  ELEMENT 

One  part  of  this  effort  was  to  investigate  the  fabri- 
cation of  large  aperture  hologram  optical  elements.  This 
was  done  in  two  ways.  The  first  was  to  implement  a general 
means  by  which  large  aperture  elements  can  be  made  with 
few  geometric  constraints  and  can  also  be  used  in  optical 
systems.  The  second  was  the  letting  of  a subcontract  to 
Radiation,  Inc.  for  the  fabrication  of  a specific  element. 
The  emphasis  was  placed  here  on  the  material  aspects 
and  produc ibility  of  these  elements.  This  latter  work 
is  given  in  Appendix  A. 

6.1  DESIGN 

Tha  design  of  this  element  was  quite  straightforward. 
The  parameters  are  shown  in  Figure  43. 

6.2  FABRICATION 


The  optical  element  was  made  on  an  11"  x 11"  x 1/4" 

Kodak  649F  microflat  plate.  The  plate  was  exposed  to  two 

point  sources  of  light  as  shown  in  Figure  43.  In  the 

vertical  direction  the  points  were  centered  on  the  plate. 

2 ° 

After  an  exposure  of  1500  ergs/cm  by  5145A  argon  laser 
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FIGURE  43.  CONSTRUCTION  GEOMETRY  FOR  LARGE  APERTURE 
HOLOGRAPHIC  ELEMENT 
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light,  the  plate  was  developed  for  6 minutes  in  Kodak 
D-19  developer,  fixed  and  marked.  It  was  then  bleached 
until  clear  in  a solution  of  6.3  gm  of  K3Fe(CN)6  (potassium 
ferricyanide)  per  liter  of  water.  The  plate  was  then  washed 
for  10  minutes  in  flowing  water  and  dried. 

The  element  had  the  same  efficiency  as  the  smaller 
elements,  about  35%.  When  replaced  in  the  original  po- 
sition and  illuminated  as  in  the  recording  process,  the 
resulting  interference  pattern  showed  about  two  wave- 
lengths of  wavefront  deformation.  Figure  44  shows  the 
hologram  mounted  in  a plateholder  for  reconstruction. 


FIGURE  44.  PHOTOGRAPH  OF  LARGE  APERTURE  ELEMENT 
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SINGLE  HOLOGRAM  ELEMENT  PROPERTIES 

In  an  effort  to  better  understand  the  effects  of 
various  hologram  design  parameters  on  the  imaging  pro- 
perties of  multiple  element  hologram  optical  systems, 
a study  of  single  hologram  elements  was  begun.  A few 
key  design  parameters  were  chosen  from  previous  experience 
for  a study  of  their  mutual  effect  on  the  imaging  of  a 
single  hologram  element.  The  results  of  this  study  are 
indeed  significant  and  have  made  possible  the  design  of 
the  large  wavelength-shift  hologram  optics  discussed  else- 
where in  this  report. 

7.1  SELECTION  OF  STUDY  PARAMETERS 

A first  step  in  the  design  of  any  optical  system, 
or  for  that  matter  any  other  type  of  system,  is  the  separ- 
ation of  parameters  which  the  designer  can  readily  control. 
In  the  case  of  hologram  optics,  although  a large  number  of 
variables  have  been  included  in  the  design  model  such 
as  emulsion  thickness,  emulsion  index,  and  media  index,  in 
practice  only  a few  parameters  such  as  construction  beam 
geometries,  construction  wavelengths  and  reconstruction 
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wavelengths  are  easily  manipulated.  Even  the  very  promising 
arees  of  curved  surface  and  conformal  hologram  optics  are 
severely  hampered  by  the  current  state-of-the-art  oi 
emulsion  coating  and  fabrication. 

With  this  in  mind,  a selection  of  relevant  parameters 
for  a singl"  hologram  optical  element  was  made.  Three 
construction  parameters  were  ultimately  chosen  for  study; 
bisector  angle,  Q factor,  and  p factor.  The  first  para- 
meter, bisector  angle,  involves  some  slightly  new  notation. 
Basically  the  bisector  angle  is  defined  as  the  angle  formed 
by  the  normal  to  the  photographic  emulsion  and  the  bisector 
of  the  object  and  reference  beam  axes  during  construction. 
The  sign  of  the  bisector  angle  is  defined  in  the  same 
manner  as  that  of  the  construction  and  reconstruction  beams. 
Figure  45  shows  three  geometries  illustrating  different 
b '.sector  angles.  The  Q factor  and  p factor  have  been 
defined  in  previous  reports  but  are  reiterated  here  for 
clarity?  The  Q factor,  or  "bending  factor"  relates  the 
wavefront  curvature  of  the  object  and  reference  beam  as 
follows : 


Latta,  J.  N.,  Computer-Based  Analysis  of  Holography,  Ph  D 
Thesis,  The  University  of  Kansas,  Lawrence,  Kansas,  December 
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where  RR  and  R^  are  the  radial  point  source  distances  for 
the  reference  and  object  beams,  respectively.  It  will  be 
noted  that  for  the  case  of  a plane  wave  reference  beam, 
i.e.,  Rr  = <*>,  the  Q factor  is  just  1.  In  general,  since 
the  roles  of  object  and  reference  beams  are  interchange- 
able, the  reference  beam  radius  will  always  be  assumed 
longer  than  the  object  beam  radius  resulting  in  Q factors 
which  are  always  greater  than  1.  The  y factor  relates 
construction  and  reconstruction  wavelengths  as  follows: 


where  X^,  is  the  reconstruction  wavelength  and  XQ  is  the 
construction  wavelength.  All  that  remains  to  be  defined 
is  a criterion  of  merit.  Inasmuch  as  we  are  interested 
in  having  good  imaging  characteristics  as  a holographic 
lens  we  have  chosen  on-axis  aberrations  as  our  criterion. 

Having  defined  the  parameters  of  interest  and  a per- 
formance criterion,  the  single  element  study  results  will 
be  outlined.  The  basic  approach  was  to  allow  the  bisector 
angle  to  vary  between  plus  and  minus  thirty  degrees  for  a 
given  Q factor  and  y factor.  It  should  be  noted  that  the 
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angle  between  object  and  reference  beams  has  been  fixed 
at  twenty  degrees  and  that  the  Greek  letter  has  been 
used  to  denote  bisector  angle.  Basically  four  cases  have 
been  examined  as  shown  in  Table  5. 

7.2  CASE  1:  Q = 1 ; u = 1 

This  case  covers  the  most  familiar  geometry  where 
the  hologram  is  made  with  a point  source  and  a plane 
wave,  i.e.,  Q = 1,  and  the  reconstruction  wavelength  is 
the  same  as  the  construction  wavelength,  i.e.,  u = 1. 

This  case  is  actually  somewhat  degenerate  in  the  sense  that 
the  on-axis  aberrations  are  always  zero  regardless  of  bi- 
sector angle  <1.  In  an  effort  to  gain  some  information 
from  this  case  the  performance  criterion  has  been  extended 
to  include  the  aberrations  inherent  at  the  edge  of  an 
arbitrarily  chosen  +5°  f ield-of-view.  Figure  46  shows 
a plot  of  this  aberration  as  a function  of  bisector  angle  <t» . 
As  may  be  readily  seen,  the  full  field  maximum  aberrations 
are  reduced  significantly  for  $ = +10°.  Referring  back 
to  Figure  45b  it  is  seen  that  this  corresponds  to  having 
the  object  beam  axis  coincide  with  the  normal  to  the 
emulsion. 
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TABLE  5 

LIST  OF  THE  IMPORTANT  CASES  TO  BE  ANALYZED 
IN  THE  SINGLE  HOLOGRAM  ELEMENT  PROPERTIES  STUDY 


Case  1:  -30°  < <p  < 30°,  Q = 1,  p = i 


Case  2:  -30°  < $ <_  30°,  Q = 2,  \i  = 1 


Case  3:  -30°  < <p  < 30°,  Q = 1,  v = 1.23 


Case  4:  -30°  < 4>  < 30°,  Q « 2,  p - 1 . 23 


where  u - 1.23  corresponds  to  a A = 6328A  and 
o ^ 

Aq  = 5145A 
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construction  wavelength  Ac  = 6328A.  These  particular 
wavelengths  were  chosen  to  facilitate  experimental 
verification  of  the  study  results.  As  may  be  seen 


from  Figure  47,  the  total  on-axis  aberrations  are  less 
than  one  wavelength  when  the  bisector  angle  is  +10°.  As 
in  Case  1,  this  corresponds  to  having  an  on-axis  object 
beam.  It  should  be  noted  that  in  this  and  the  following 
cases,  it  is  necessary  to  optimize  the  reconstruction 
beam  angle  for  each  point  on  the  curve.  In  other  words, 
once  <p , Q,  and  u are  specified,  the  reconstruction  angle 
is  optimized  for  lowest  aberrations.  In  most  cases 
this  optimum  reconstruction  beam  angle  will  not  coincide 
with  the  construction  reference  beam.  It  was  noted  during 
the  evaluation  of  this  case  that  at  the  optimum  bisector 
ang.e,  namely  <f>  = +10°,  the  optimum  reconstruction  angle 
was  such  to  produce  an  image  beam  coinciding  with  the 
construction  object  beam.  This  result  is  perhaps  better 
explained  by  Figuie  48  which  shows  the  optimum  construction 
and  reconstruction  geometries.  To  better  understand  the 
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(a)  Construction 


°C 


(b)  Reconstruction 


FIGURE  48.  OPTIMUM  CASE  2 GEOMETRIES  SHOWING 
INCREASED  RE  CONSTRUCTION/ ANGLE  oc 
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types  of  aberrations  present  in  the  total  aberrations  of 
Figure  47,  a breakdown  into  the  primary  aberration  com- 
ponents has  been  given  in  Figure  49.  Clearly  both  coma 
and  astigmatism  aberrations  are  minimized  at  <$>  = +10°. 

7.4  CASE  3:  Q = 2,  y = 1 

A Q-factor  of  two  was  chosen  for  this  case,  i.e. 
reference  and  object  beams  both  point  sources  such  that 


Q = 


rr  + Ro 
rr  ■ Ro 


2 


In  addition  y — 1,  meaning  that  the  reconstruction  wave- 
length is  the  same  as  the  construction  wavelength.  Examina- 
tion of  the  total  aberrations  plotted  in  Figure  50  for 
this  case  reveals  a substantially  greater  amount  of 
aberration  at  optimum  cf> . A further  examination  of  the 
P*" im^ry  aberrations  plotted  in  Figure  51  reveals  the  reason 
for  the  higher  inherent  total  aberrations  of  this  con- 
figuration. Although  both  the  astigmatism  and  coma 
aberrations  attain  low  levels  for  some  given  bisector 
angle,  the  separation  of  these  minima  results  in  an 
overall  higher  total  aberration.  It  is  interesting  to 
note  that  the  optimum  configuration  for  Q = 2 and  y = 1 
constraints  is  a bisector  angle  of  approximately  0°  or  in 
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other  words,  object  and  reference  beams  forming  equal 
but  opposite  angles  with  the  normal  to  the  emulsion. 

7.5  CASE  4:  Q = 2,  y = 1.23 

This  case  is  similar  to  Case  3 with  the  exception 
that  the  rf construction  wavelength  is  greater  than  the 
construction  wavelength.  Comparison  of  the  total 
aberrations  for  this  case, shown  in  Figure  52, with  the 
results  obtained  in  the  previous  Case  3,  reveals  that  the 
i aberration  cirves  are  very  similar.  There  is  one  signi- 

ficant difference  however,  the  minimum  aberration  for 
Case  4 is  less  than  the  minimum  for  Case  3.  In  other 
words,  for  the  Q = 2 condition  a better  performance 
has  been  attained  with  a wavelength  shift.  Looking  at 
the  component  aberrations  in  Figure  53  reveals  that  both 
astigmatism  and  coma  aberrations  are  reduced  slightly 
for  Case  4, particular ly  for  negative  values  of  bisector 
angle . 

7.6  LARGE  WAVELENGTH  SHIFTS 

At  this  point  a little  contemplation  will  suggest 
that  perhaps  the  aberration  reduction  realized  in  Case  4 
could  be  extended  by  using  a larger  wavelength  shift. 

To  this  end  an  additional  case  was  evaluated  with  Q = 2 
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and  y 2.06.  The  y - 2.06  factor  was  obtained  with  a 
construction  wavelength  of  5145A  and  a reconstruction 
wavelength  of  10,600A  or  1.06  microns,  ? common  infrared 
laser  wavelength.  Figures  54  and  55  present  the  aberra- 
tions of  such  a case.  As  will  immediately  be  seen,  the 
total  aberrations  have  been  significantly  reduced  for 
bisector  angles  less  than  zero. 

These  results  have  opened  up  a whole  new  area  for 
implementation  of  holographic  optical  systems  which  may 
be  constructed  at  visible  wavelengths  with  ordinary 
emulsions  for  use  in  the  infrared  spectrum.  Further 
investigation  has  shown  that  by  proper  adjustment  of  the 
Q-factor,  very  large  wavelength  shifts  may  be  obtained 
as  demonstrated  in  the  infrared  telescope  operating  at 
10.6  microns  described  previously. 


5 

! 


118 


119 


FORMERLY  WILLOW  RUN  LABORATORIES.  ThE  UNIVERSITY  OF  MICHIGAN 


8 

DESCRIPTION  OF  FACILITIES 

A basic  rule  of  thumb  with  holographic  optics  is 
that  if  one  is  to  obtain  optical  image  quality  on  the 
order  of  the  dimensions  of  the  wavelength  used  to  obtain 
the  image , the  construction  and  reconstruction  tolerances 
will  be  to  the  same  order.  The  same  basic  rule  applies 
to  conventional  optics;  however,  both  the  science  and 
art  of  conventional  optics  fabrication  and  assembly  are 
well  developed.  In  holographic  optics  this  presents  a new 
problem  in  that  one  must  develop  new  methods  related 
to  the  accurate  recording  and  fabrication  of  holographic 
elements  and  systems.  In  particular  the  problem  grows 
more  acute  as  the  aperture  increases.  These  are  essen- 
tially the  areas  which  we  addressed  in  attempting  to 
upgrade  the  facilities  at  ERIM  for  use  in  high  quality 
optical  systems  using  holographic  elements. 

Holography  is  quite  different  from  conventional 
optics  in  that  a stable  surface  is  required  to  fabricate 
the  basic  components  of  the  system.  This  poses  some 
problems  in  that  a simple  10"  f/10  lens  requires  a 
stable  table  approximately  10  feet  in  length  for  a Q = 1 
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hologram.  Further  the  offset  angle  between  the  construction 
beams  determines  the  width  of  the  table.  To  meet  the  ob- 
jectives of  this  effort  a large  stable  table  was  purchased. 
It  is  shown  in  Figure  56.  This  table  was  placed  in  a 
special  isolated  building  that  has  separate  dark  room 
and  air  conditioning  facilities.  The  table  dimensions 
are  8'  x 16' , however,  with  the  space  occupied  by  the 
lasers  at  the  end  of  the  table  the  useful  space  was 
limited  to  approximately  8'  x 14'.  In  order  to  isolate 
the  air  currents  from  the  room  and  table  top  a table  cover 
was  especially  fabricated.  During  an  exposure  the  air 
currents  car.  effectively  be  isolated  when  the  cover  is 
closed.  The  table  has  six  air  suspension  legs  and  is  very 
effective  in  isolating  any  ground  vibrations. 

To  permit  the  construction  of  large  and  medium 
aperture  elements  two  sets  of  high  quality  off-axis  colli- 
mators were  purchased.  These  are  shown  in  Figures  57  and 
58.  The  large  aperture  collimators  operate  at  f/8  and 
have  a 10"  clear  aperture.  A special  mount  was  made  for 
the  large  aperture  mirrors  to  provide  for  accurate 
independent  axis  adjustment  of  the  mirror. 

The  accurate  fabrication  of  elements  and  their 
assembly  into  a system  has  been  a continuing  problem 
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because  most  holographic  systems  are  not  made  to  the 
precision  which  are  required  in  some  of  the  designs 
outlined  here.  Another  major  point  is  that  accurate 
alignment  equipment  is  also  required  to  test  the  elements. 
In  conjunction  with  Data  Optics  we  undertook  the  design 
of  a system  specifically  suited  for  holographic  systems. 

An  example  of  a typical  setup  is  shown  in  Figure  59. 

The  equipment  is  designed  to  be  modular  with  the  basic 
element  as  the  table  shown  in  Figure  60.  Each  table  is 
connected  with  two  stainless  steel  indexing  rods.  By 
using  the  micrometer  positioning  assembly  shown  in  Figure 
61  it  is  possible  to  accurately  space  one  table  with 
respect  to  another.  Further  the  angles  between  two  tables 
may  be  accurately  set  using  the  engraved  scales  on  the 
bottom  of  the  table.  Auxiliary  components  are  provided  so 
that  equipment  may  be  placed  between  tables;  examples 
include  microscope  objectives  or  apertures.  Another 
degree  of  flexibility  is  also  provided  with  respect  to 
the  hologram  in  that  it  may  be  tilted  with  respect  to 
the  table  surface.  This  is  especially  convenient  for 
system  tolerance  studies. 

The  facilities  which  were  assembled  under  both  ARPA 
and  ERIM  support  have  proven  very  valuable  in  studying 
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FIGURE  60.  A SINGLE  HOLOGRAPHIC  ELEMENT-HOLDER  TABLE 
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the  properties  of  these  elements  and  systems.  In  f- 
the  techniques  developed  and  equipment  used  during 
phase  two  of  the  ARPA  effort  was  of  direct  applicability 
to  the  subsequent  phase. 
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SUMMARY  AND  CONCLUSIONS 
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This  report  has  described  a broad  study  into  several 
areas  of  holographic  optics.  These  areas  include  the 
following : 

1.  Infrared  optical  elements  and  systems  for 
1.15m  and  10.6m 

2.  Multi-element  telescopes 

3.  Wavelength  shirt  techniques  tc  permit  a 
construction  wavelength  different  than  at 
reconstruction 

4.  Large  aperture  holographic  optics  elements 
in  both  transmission  and  reflection 

5.  Wide  angle  reflection  type  holographic  optics 

6.  Facilities  for  precision  recording  and  assembly 
of  holographic  optics 

7.  Considerations  for  producing  holographic  optics. 

Each  of  these  areas  has  provided  us  v.ith  a greater  insight 
into  many  of  the  practical  problems  and  considerations 
associated  with  holographic  optics.  For  example,  some 
of  the  results  of  the  areas  discussed  above  have  led  us 
directly  into  the  third  phase  of  ARPA  support  and  a direct 
application  of  the  concepts  developed  to  date. 
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As  a result  of  this  study  the  following  conclusions 
are  applicable: 

1.  One  of  the  most  promising  areas  for  application 
of  holographic  optics  is  in  the  infrared. 

2.  Reasonable  high  quality  single  wavelength 
telescopic  systems  can  be  designed  and  built 
using  holographic  optics. 

3.  The  design  process  plays  a critical  role  in 
any  holographic  optics  system.  This  was  seen 
especially  in  the  study  of  the  wavelength 
shift  properties  of  single  elements. 

4.  Large  aperture  holographic  elements  (approxi- 
mately 10"  in  diameter)  can  be  produced  in  both 
transmission  and  reflection  with  reasonably 
high  quality.  We  expect  that  such  elements 
can  also  be  mass  produced. 

5.  Wide  angle  reflective  holographic  optics  are 
difficult  to  design  and  suffer  from  difficult 
mechanical  constraints. 


6. 


Significant  advances  have  been  made  in  the 
facilities  for  the  recording  and  testing  of 
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As  a result  of  this  study  we  continue  to  feel  that 
holographic  optics  holds  considerable  promise.  It  has 
many  unique  attributes  that  may  have  either  negative  or 
positive  effects,  depending  on  the  particular  application 
under  consideration.  We  feel  that  what  is  essential 
is  a thorough  understanding  of  all  those  parts  of  holo- 
graphy and  optics  that  give  the  optical  element  its  pro- 
perties. These  include  but  are  not  limited  to:  imaging, 

recording  materials,  construction  and  reconstruction 
geometries  and  illumination  source  properties,  and  the 
substrates.  It  has  also  been  our  experience  that  the 
design  of  these  optical  systems  plays  a critical  role  in 
the  end  system  performance. 
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Appendix  A 

"LARGE  APERTURE  HOLOGRAPHIC  OPTICAL  ELEMENTS" 

This  appendix  is  a reproduction  of  ARPA  Report  6317-F, 
prepared  under  subcontract  for  the  Environmental  Research 
Institute  of  Michigan  by  Radiation,  a division  of  Harris- 
Intertype  Corporation. 
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This  report  was  prepared  for  Dr.  John  Latta,  Director  of 
Digital  Analysis,  Radar  and  Optics  Laboratory,  Environmental  Research 
Institute  of  Michigan,  under  subcontract  from  an  ARPA  sponsored  research 
project.  The  principal  investigators  were  R.  G.  Zech  and  Lynda  M.  Ralston. 
Program  management  was  the  responsibility  of  R.  G.  Zech.  This  report  was 
prepared  under  the  direction  of  R.  M.  Montgomery,  Director  of  Engineering 
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1 • 0 INTRODUCTION 

This  is  a final  report  briefly  summarizing  an  investigation  of 
problems  related  to  the  fabrication  of  large  aperture  holographic  optical 
elements.  Although  the  properties  of  a hologram  are  invariant  with  size, 
this  is  not  true  with  regard  to  construction.  That  is,  large  holograms  in- 
tended for  imaging  applications  are  significantly  more  difficult  to  construct 
than  small  holograms.  High  quality  light-sensitive  materials  and  optical 
quality  substrates  of  large  area  are  minimum  requirements.  The  substrate 
must  be  coated  with  the  light-sensitive  recording  material  in  the  most  uni- 
form way  possible  to  avoid  aberrations  and  other  imaging  defects.  Over 
small  areas  this  is  not  difficult;  however,  ,t  is  not  a trivial  task  for  holo- 
graphic elements  25  cm  in  diameter  or  larger. 

It  was  decided  in  the  initial  stages  of  the  project  to  concentrate 
on  a reflective  element.  The  specifications  were  a 25  cm  diameter,  a focal 
length  of  1 . 2 meters,  and  a bending  factor  of  2.  2.  Two  approaches  were 
possible:  a reflection  hologram  of  the  Lippmann-Bragg  type  or  a planar 
reflection  hologram.  We  decided  that  the  latter  was  potentially  more  useful, 
especially  when  metal  or  dielectric  reflective  coatings  are  considered. 

Obvious  applications  come  to  mind  for  optical  systems  operating  in  the 
UV  or  IR  spectrum.  The  best  recording  medium  in  terms  of  resolving 
power  and  efficiency  is  a high  resolution  photoresist.  Several  are  available, 
they  will  be  described  subsequently. 

We  divided  our  investigation  into  a number  of  areas.  The  most 
important  were  recording  materials,  substrate  fabrication,  coating  techniques, 
and  hologram  formation.  A surnma-y  and  discussion  of  the  main  results  of 
our  study  follow. 
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2.0  RECORDING  MATERIALS 

The  fabrication  of  high  quality  holographic  optical  elements 
(HOE)  requires  exceptionally  well -qualified  recording  materials.  Not  only 
must  the  recording  media  be  capable  of  good  holographic  performance,  but 
must  also  possess  favorable  physical  and  chemical  stability.  The  latter 
is  of  particular  importance  for  large  diameter  HOE.  Erom  previous 
experimental  work  related  to  the  present  effort,  it  was  clear  that  only  a 
few  recording  materials  would  be  suitable.  Although  we  eventually  chose 
a photoresist  for  constructing  the  HOE  because  a reflective  element  was 
specified,  we  surveyed  a number  of  potentially  useful  recording  materials. 
Table  1 summarizes  the  mam  properties  and  characteristics  of  the  better 
candidate  light- sensiive  materials  for  HOE  applications. 

The  best  photoresists  available  for  holographic  recording  are 
Shipley  AZ  1 350  and  Horizons  Research  LHS7.  Shipley  AZ  1 350  is  widely  used 
in  the  microelectronics  industry.  It  is  l)V-bluc  sensitive  with  a resolving 
power  of  about  1500  cycles/mm  (70%  response).  Maximum  reported 
efficiency  for  plane  wave  gratings  is  30%.  Processing  involves  a liquid 
development  and  postbaking.  The  Horizons  Research  LHS7  photoresist  is 
new.  It  is  characterized  by  a relatively  high  orthochromatic  exposure 
sensitivity,  a resolving  power  of  800  cyclcs/mm  (70%  response),  and  a 
maximum  diffraction  efficiency  of  31%.  Cosmetic  quality  is  very  good.  A 
unique  aspect  of  this  photoresist  is  that  It  is  completely  developed  and 
fixed  with  heated  air  (at  1 60°C  for  90  seconds). 
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exposure  for  maximum  diffraction  efficiency 
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i-°  i AIUUCATION  STi  DY 

3 • 1 Substrate  Fabrication 

Ihere  was  a limited  choice  ul  substrate  materials.  We 
considered  glass  and  plastic.  Plastic  was  rejected  because  of  surface 
adhesion  problems,  and  because  ,t  is  fairly  difficult  to  obtain  a large 
plastic  sheet  with  a good  optical  surface.  Due  to  time  limitations,  we 
selected  a readily  available  plate  glass  substrate  with  dimensions  of 
27.  5 x 27.  5 crm  and  2.  54  cm  thick.  It  was  ground  and  polished  to  \/4 
on  the  front  surface  and  lapped  and  felt  polished  on  the  back  surface. 
Edges  were  beveled,  ground,  and  polished.  The  work  was  done  by  Jan 
Vanden  Broeck  at  the  McDonald  Douglas  Electronics  Corporation 
(St.  Charles,  Mo.  ) optical  fabrication  shop  for  a total  price  of  $550. 

We  should  point  out  that  selection  of  a substrate  is  deter- 
mined mainly  by  optical  figure  requirements.  In  general  the  substrate 
thickness  needed  increases  with  surface  quality.  However,  some  glasses 
are  better  (and  more  expensive)  than  others  ,n  terms  of  figuring.  A good 
grade  of  quartz,  e.  g.  . T1  4 Optosil  3 (Amersil  Co.  ).  ,s  recommended  be- 
cause of  superior  dimensional  stability  that  allows  a 30%  decrease  in 
thickness  (and  also  weight). 

^ Surface  Adhesion 

The  adhesion  to  glass  of  most  photoresist  materials  is 
generally  poor.  The  large  area  of  the  HOE  compounded  the  problem. 

We  concluded  at  the  start  of  the  program  that  a substratum  layer  was 
required.  Unfortunately,  a subbing  compound  was  not  available  from  the 
manufacturers  of  the  photoresists.  We  performed  a literature  search, 
but  discovered  that  the  most  effective  (and  nonscattering)  subbing 
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chemicals  were  proprietary  to  the  large  photographic  film  manufacturers. 
The  most  attractive  alternative  remaining  was  to  develop  a suitable  techni- 
que for  cleaning  the  g.ass  substrate.  As  is  well  known,  the  adhesive 
properties  of  a surface  in  enhanced  by  thorough  cleaning. 

The  procedures  we  evolved  are  elementary  but  effective. 
Two  cases  were  of  interest:  (1)  previously  uncoated  substrates  and  (2) 
previously  coated  substrates  from  winch  the  photoresist  layer  was  stripped. 
To  clean  new  substrates  we  recommend  the  following  steps: 


1)  airknife  off  dust  and  large  surface  artifacts. 

2)  rinse  in  a solvent  consisting  of  equal  parts 
of  methyl  alcohol,  chloroform,  and  benzene. 

3)  wash  ii.  a multicomponent  detergent,  e.  g.  . Micro- 

, <R> 

clean 

4)  triple  rinse  in  distilled  water  and  free  air  dry. 

Cleaning  previously  coated  substrates  was  complicated  by 
tne  residue  of  the  stripped  photoresist  layer.  As  a consequence,  a more 
Vigorous  cleaning  technique  was  required.  We  found  by  trial  and  error  that 
the  following  procedure  was  effective  for  the  Horizons  Research  photoresist: 


1)  Bathe  in  Horizons  Research  photoresist  developer. 

2)  Rinse  in  warm  methylene  chloride  for  30  minutes. 

(R  ) 

3)  Scrub  in  fres h methylene  chloride  with  a teflon 
pad. 

4)  Scrub  in  a multicomponent  detergent  with  a teflon* 
pad. 

5)  Triple  rinse  in  distilled  water  and  free  air  dry. 


Just  prior  to  coating  the  photoresist  layer,  we  discovered 
that  two  other  steps  were  necessary.  First,  we  baked  the  substrate  at 
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150°  C for  1 hour  to  remove  surface  moisture.  A high  wattage  air  gun 
(rated  to  500r  C)  is  also  effective  for  this  task.  After  cooling  to  room 
temperature  ancl  transporting  to  the  clean  room,  the  substrate  was 
bathed  in  filtered  dry  nitrogen.  These  steps  are  of  particular  importance 
under  conditions  of  high  relative  humidity. 

When  the  procedures  just  outlined  are  used,  good  adhesion 
between  the  photoresist  layer  and  the  glass  substrate  are  consistently 
obtained.  We  note,  however,  that  this  assumes  that  the  photoresist  layer 
is  continuous,  and  that  the  edges  of  the  substrate  are  sealed.  When  these 
conditions  are  not  realized,  the  coating  can  be  damaged,  as  will  be  dis- 
cussed later. 

3.  3 Coating  Techniques 

Coating  a 27.5  cm  square  glass  substrate  with  various 
photoresist  solutions  required  the  investigation  of  numerous  coating 
techniques.  Because  of  the  uniformity  and  cosmetic  quality  requirements, 
only  three  techniques  appeared  feasible.  They  were  spin-coating,  dip- 
coating, and  gravity-flow  coating.  Each  has  advantages  and  disadvantages 
For  example,  spin-coating  was  feasible  with  modification  to  the  spinning 
apparatus.  However,  the  large  mass  of  the  glass  substrate  prevents 
sufficient  acceleration  to  spinning  speed.  As  a result,  nonuniform 
coatings  are  obtained. 

High  quality  coatings  were  obtained  on  small  substrates 
by  dip-coating.  The  extension  of  this  technique  to  27.5  cm  square  sub- 
strates was  not  possible  for  three  reasons.  First,  the  thickness  of  the 
photoresist  layer  was  found  to  vary  in  a nonlinear  way  (a  linear  wedge 
is  acceptable).  The  height  profile  of  the  photoresist  layer  was  linearly 
wedged  (approximately)  over  the  first  75  percent  of  the  substrate  with- 
drawn, and  increased  more  rapidly  for  the  remainder  for  substrates 

on  the  order  of  7.  5 cm  square.  We  concluded  that  the  same  characteristics 
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would  apply  to  the  larger  substrates.  Second,  a large  volume  of  photo- 
resist was  required  to  be  maintained  free  of  dust  and  moisture.  A 
significantly  larger  than  average  cleanbox  was  needed  for  this  purpose  in 
order  to  also  allow  for  withdrawing  the  entire  length  of  the  substrate  from 
the  coating  solution.  Finally,  the  coated  layer  must  dry  in  a solvent 
atmosphere  co  insure  a smooth,  uniform  photoresist  layer.  The  solvents 
used  in  bo;h  the  Shipley  and  Horizons  Research  photoresists  have 
insufficient  room  temperature  vapor  pressure  for  this  purpose. 

Our  preliminary  investigation  established  that  gravity- 
flow  oating  was  the  only  feasible  technique.  Although  there  are  a 
number  of  ways  to  implement  this  method,  we  describe  ours  to  illustrate 
some  of  the  problem  areas.  The  details  of  our  approach  are  outlined  i.i 
the  following  paragraphs. 

The  gravity-flow  setup  consisted  of  a 30  cm  gre.ute  table 
flat  to  0.  5 ijm.a  2,5  cm  thick  tripoded  surface  plate  for  leveling  the 
granite  slab,  an  aluminum  casting  frame,  and  an  airtight  cover  to  provide 
a solvent  atmosphere  for  slow  drying.  The  granite  slab  and  leveling 
plate  were  located  in  a vibration  free  area  to  minimize  surface  pertur- 
bations. The  casting  frame,  shown  in  Figure  la  was  made  from  four 
27.  5 cm  strips  of  0.  32  cm  aluminum.  The  corners  are  cut  to  45°  and  the 
strips  were  bent  along  the  center  to  approximately  45°.  When  taped  to  the 
subst-^te  the  frame  draws  up  the  solution  by  capillary  action  forming  an 
edge  of  zero  thickness  just  inside  the  frame,  as  shown  in  Figure  lb. 

A 10  cm  x 12.  5 cm  substrate  coated  by  this  method  was 
supplied  by  C.  Leonard  of  the  Environmental  Research  Institute  of  Michigan. 
It  was  tested  with  a I eitz  reflecting  interference  microscope  for  surface 
uniformity.  Ignoring  edge  effects,  we  found  a maximum  thickness 
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FIGURE  la 


k 

i 

I 


87554.2 

FIGURE  lb 


FIGURE  1.  CASTING  FRAME  AND  PHOTORESIST 
PROFILE  (GREATLY  EXAGGERATED) 
FOR  GRAVITY  FLO  ff  CASTING. 
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variation  of  less  than  0.  225  4 m.  This  test  showed  that  gravity  flow 
tasting  can  be  used  to  coat  substrates  with  sufficient  uniformity.  That 
is.  the  recording  material  will  cause  a random  wavefront  aberration  of 
less  than  X /2  over  the  25  cm  aperture  of  the  HOE. 

The  airtight  cover  had  a dual  purpose;  to  keep  out  light 
and  dirt,  and  to  provide  a solvent  atmosphere.  If  the  coated  substrates 
were  aUowed  to  free-air  dry,  the  top  layer  of  the  photoresist  which  is  in 
direct  contact  with  the  atmosphere  dries  first.  Then  as  the  lower  layers 
dry,  the  solvent  must  evaporate  through  the  top  surface  layer,  this 
causes  a rippled  surface  (orange  peel).  Substrates  allowed  to  dry  entirely 
in  a solvent  atmosphere  in  general  have  good  surfaces,  but  can  take  up  to 
eight  hours  to  completely  dry.  The  airtight  cover  was  used  to  provide 
a compromise  between  these  extremes.  That  is,  the  photoresist  solution 
was  flowed  on  the  substrate  and  the  cover  was  tightly  closed  for  one  hour 
to  allow  the  solution  to  spread  uniformly.  The  cover  was  then  opened 
briefly  to  vent  the  solvent  atmosphere,  and  then  closed.  The  rate  of 
drying  was  controlled  by  the  frequency  with  which  the  solvent  atmosphere 
was  vented.  If  the  photoresist  was  allowed  to  dry  too  fast,  orange  peel 
tormed;  too  slowly  and  the  plate  was  covered  with  dust  a J other  artifacts. 

The  first  coatings  were  cast  in  a photographic  dark  room 
using  Shipley  AZ  1 350  photoresist.  In  order  for  the  resist  to  uniformly 
spread  over  the  entire  substrate,  it  was  diluted  to  a concentration  one 
part  AZ  1 350  to  eight  parts  methyl  ethyl  ketone  (MEK).  On  the  order  of 
15  cc  of  the  photoresist  solution  was  flowed  in  the  center  of  the  substrate 
and  dried  completely  in  a solvent  atmosphere.  The  resultant  coatings  were 
uniform  but  cosmetically  poor  due  to  a large  amount  of  dust  particles.  We 
used  internal  filtered  air  (fan-driven)  to  reduce  the  dust  particle  concentra- 
tion, this  proved  to  be  helpful,  but  insufficient.  The  entire  casting  apparatus 
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was  then  moved  to  a < l.-an  room  environment,  and  setup  under  a laminar 
flow  hood.  Plates  fabricated  in  the  clean  room  dried  with  a lower  dust 
particle  concentration  than  those  case  in  the  dark  room.  However,  cos- 
metic quality  rcma,ncd  below  exceptable  standards.  We  reached  the 
conclusion  that  Shipley  AZI  350  has  a natural  affinity  for  airborne  parti- 
culate matter. 

The  evaluation  of  the  Horizons  Research  photoresist  was 
initiated  in  the  clean  room  environment.  We  found  that  diluting  one  part 
of  HR  photoresist  with  five  parts  solvent  provided  a uniform  coating 
of  approximately  one  micron  thick.  The  coatings  were  significantly 
cleaner  than  coatings  made  with  Shipley  AZ1  350.  In  addition,  we  found 
that  coatings  made  with  the  Horizons  Research  photoresist  were  more 
consistent.  However,  the  Horizons  Research  photoresist  required  a much 
longer  drying  time  than  the  Sluplcy  photoresist  drying  time  (drying  time 
is  a critical  factor  in  providing  good  surface).  Nevertheless,  we 
decided  that  an  increased  drying  time  was  a favorable  tradeoff  in  order 
to  gain  exceptable  n letic  quality  and  consistency.  Therefore,  we 
selected  Horizons  Research  photoresist  for  fabrication  of  the  HOE. 

In  addition  to  the  problems  caused  by  dust  and  other  airborne 
artifacts,  we  encountered  two  more  subtle  problems.  The  first  was  glass 
warpage.  When  a large  glass  substrate  is  fabricated  to  a specified  optical 
quality  (in  this  case  >74  surface  flatness)  there  can  be  differences  between 
neighboring  areas  that  require  a precision  optical  flat  of  comparable 
area  to  defect  (in  the  present  case  this  implies  a flat  that  is  \/20  and 
2b  JT  cm  in  dimeter).  The  second  was  stability.  We  found  that  the  level 
of  the  substrate  could  be  significantly  changed  for  example,  by  foot  traffic 
in  the  region  of  the  clean  area.  Both  of  these  problems  resulted  in  low 
quality  photoresist  layers.  Our  solution  to  the  first  problem  consisted  of 
weighting  the  casting  frame  to  compensate  for  the  warpage.  This  was  done 
with  aluminum  blocks.  We  avoided  stabHity  problems  by  casting  during 
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evening  and  weekend  hours  when  activity  in  the  clean  room  area  was  at 
a minimum.  A better  solution  would  he  a small  floating  table,  e.  g.  , 
mercury  supported. 

Finally,  we  again  stress  the  problems  caused  by  particu- 
late matter.  The  photoresist  solution  can  be  purged  by  microfiltering 
prior  to  use.  Airborne  contaminants  must  be  avoided  by  the  use  of  a 
laminar  airflow  in  a clean  room  environment.  Our  study  indicated  ti  at 
temperature,  relative  humidity,  drying  time,  and  photoresist  solvi  nt 
(including  diluent)  are  also  important  factors. 

3.  4 Hologram  Recording 

The  hologram  recording  setup  is  shown  in  Figure  two.  It 
consists  of  two  point  sources  located  at  2 m and  0.  75  m distance  from  the 
center  of  the  hologram  recording  plane.  The  angular  separation,  measured 
with  a goniometer,  was  15°.  The  plateholder  was  oriented  to  produce  on 
the  average  fringes  normal  to  the  surface  of  the  recording  material. 

In  order  to  insure  spherical  waves  of  uniform  intensity 
over  the  entire  aperture  of  the  HOE,  we  expanded  each  beam  to  an  area 
twice  the  diagonal  of  the  glass  substrate.  This  significantly  reduced  the 
laser  power  density  available  for  exposure.  Total  irradiance  of  the 
hologram  plane  was  only  10  iiW/cm2.  A 2W  argon  laser  operating  at 
488  nm  in  a single  transverse  and  longitudinal  mode  (output  was  300  nW) 
provided  the  laser  power.  Exposure  time  was  12  minutes;  this  in- 
dicates the  value  of  high  exposure  sensitivity.  ,r  Ciupley  AZ1350  had  been 
used,  more  than  8 hours  of  exposure  would  be  needed. 

Prior  to  hologram  recording,  an  optical  black  laquer  was 
applied  to  the  back  of  the  coated  substrate.  After  exposure,  the  holograms 
were  stripped  of  the  antihalation  backing,  and  then  processed  with  a hot- 
plate (1 00°C  ) i nd  an  r. irgun  ( l 60°  C).  The  hotplate  was  used  to  heat  the 
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figure  i.  schematic  of  the  hologram 
CONSTRUCTION  SETUP. 


Before  delivery,  each  HOE  was  painted  on  the  back  sur- 
face with  an  optical  black  lacquer.  The  front  surface  of  the  HOE  was 
covered  with  a black  aperture  cm  in  diameter.  The  aperture  is  not 
necessary,  but  serves  to  define  the  usable  area  of  the  I IOE  (the  edges  are  of 
poor  quality)  in  an  obvious  way.  A photograph  of  the  completed  HOE  is 
shown  in  Figure  three. 


-•  0 CONCLUSIONS 

The  fabrication  of  large  aperture  HOE  is  feasible.  In  the 
limited  context  of  our  investigation  we  sought  to  isolate  problem  areas. 

A great  number  were  discovered.  However,  none  were  found  to  be  in- 
soluble. But  it  is  clear  that  very  exacting  procedures  are  required  if 
optimum  results  are  to  be  obtained.  In  particular,  we  emphasize  the 
need  for  high  quality  substrates,  a superior  clean  room  facility,  and  a 
fairly  sophisticated  coating  apparatus. 

We  find  no  reason  to  believe  that  large  aperture  HOE 
could  not  be  produced  in  large  numbers.  In  fact,  many  of  the  problems 
we  encountered  were  those  of  scale,  and  would  normally  be  absent  in  a 
production  facility.  Once  procedures  were  optimized,  large  aperture  HOE 
could  be  fabricated  on  a mass  production  basis. 

6-°  RECOMMENDATIONS 

Further  study  of  fabrication  techniques  is  warranted.  The 
major  areas  are  substrates  (materials,  subbing,  optical  figure,  etc.), 
coating  techniques  (optimization  of  the  gravity  flow  method),  and  over- 
coating (metal  versus  dielectric,  and  also  surface  preparation).  Each 
area  represents  a phase  of  construction  that  merits  optimization  if 
high  quality  HOE  are  to  be  produced  that  are  competitive  with  conventional 
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Appendix  B 

"NEW  DEVELOPMENTS  IN  THE  DESIGN  OF  HOLOGRAPHIC  OPTICS" 

This  appendix  is  a reprint  of  a paper  presented  at 
SPIE  Seminar-in-Depth  on  "Applications  of  Geometrical  Optics," 
August  27-28,  1973,  San  Diego,  California. 
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ABSTRACT 

Conventional  optics  normally  includes 
only  two  types  of  elements:  refractive  and 
reflective.  Holographic  optics  encompasses 
a third  type  of  element;  one  whose  properties 
are  diffractive  in  nature.  The  focus  of  this 
paper  is  to  outline  the  properties  of  a gen- 
eral computer-based  analysis  and  design 
tool  that  is  directed  to  holographic  optics. 

This  tool  is  called  the  Holographic  Optics- 
Analysis  and  Design  (HOAD)  program . The 
program  has  been  designed  to  be  both  user 
oriented  and  flexible.  Four  sections  are 
covered  In  the  paper.  They  are  directed  to- 
wards (1)  the  operating  system  (MTS)  used  to 
support  the  HOAD  program,  (2)  the  hologram 
ray  tracing  programs  which  form  the  basis  of 
the  program,  (3)  a general  discussion  of  the 
HOAD  program,  and  (4)  an  outline  of  the 
techniques  of  using  HOAD.  The  last  section 
of  the  paper  is  directed  towards  an  assess- 
ment of  where  HOAD  presently  stands  and 
the  direction  it  is  going. 

INTRODUCTION 

The  design  of  conventional  optical  systems 
normally  includes  only  two  types  of  compo- 
nents: refractive  and  reflective.  For  approx- 
imately the  past  four  years  we  have  studied 
the  inclusion  of  a third  type  of  element  within 
the  domain  of  optics . In  a broad  sense  this  is 
a diffractive  element,  however,  our  examin- 
ation has  largely  been  directed  to  holographic 
elements . 

Programs  such  as  POSD  and  others  have 
incorporated  an  analysis  of  diffractive  struc- 
tures for  many  years . Our  approach  is  con- 
siderably different  in  that  no  assumptions  are 


made  about  the  pattern  of  the  fringes  on  the 
surface  of  the  element  and  that  this  pattern 
may  be  created  by  a recording  process,  i.e. , 
holography.  This  new  type  of  general  diffrac- 
tive structure  greatly  extends  the  domain  of 
optics  by  including  a third  class  of  elements. 
We  call  this  area  holographic  optics. 

Before  considering  the  design  aspects  we 
should  first  inquire;  why  is  holographic  optics 
of  interest?  The  properties  of  diffractive 
structures  are  in  contrast  to  reflective  and 
refractive  elements.  First,  in  a diffractive 
element  the  surface  shape  plays  a negligible 
role  in  the  properties  of  the  elements.  Thus, 
these  types  of  elements  have  seen  application 
in  what  we  call  conformal  optics  (Ref.  1,2). 
That  Is,  optical  systems  in  which  the  elements 
conform  to  a given  surface  and  yet  whose 
properties  are  invariant  with  the  surface. 
Examples  Include  automotive  windshields 
and  face  masks.  Another  difference  is  that 
these  elements  may  be  made  with  arbitrary 
phase  wavefronts  and  can  thus  have  an  effect 
on  a propagating  wavefront  similar  to  a lens 
which  has  an  arbitrary  surface  shape.  In 
principle,  holographic  optical  elements  would 
not  require  mechanical  fabrication  in  the  same 
sense  as  conventional  optics.  The  basic  con- 
struction process  is  the  exposure  of  a photo- 
graphic emulsion  or  photoresist.  Thus, 
multiple  copies  are  no  more  than  a step  and 
repeat  process.  The  potential  for  automation 
is  obvious.  In  less  than  near  term  one  can 
easily  visualize  rolled  optics  which  are  made 
on  rolls  of  film  and  unrolled  when  needed 
Further,  with  some  of  the  materials  that  are 
a read-write-erase  type  required  for  holo- 
graphic memories  one  can  visualize  an  optical 
system  which  is  optically  alterable.  That  is, 
the  elements  themselves  could  be  made  by 
two  optical  beams,  erased  by  one  beam,  and 
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then  made  to  look  like  another  element  with 
different  properties  by  again  exposing  it  with 
two  light  beams.  This  could  be  done  in  s'tu 
and  potentially  in  a relatively  short  period  of 
time . 

These  rather  interesting  prospects  for 
holographic  optics  also  include  some  attend- 
ant drawbacks.  One  of  the  first  is  the  sensi- 
tivity of  the  elements  to  wavelength.  Because 
the  structures  are  diffractive,  the  light  rays 
which  exit  from  the  elements  change  in  di- 
rection as  a function  of  wavelength.  We  have 
examined  in  some  detail  the  design  of  a two 
element  holographic  lens  that  has  low  chro- 
matic aberrations.  In  brief,  the  image 
quality  from  such  a system  is  unacceptable 
and  the  design  problem  quite  difficult  (Ref.  3). 
Additional  elements  may  provide  a means  for 
improving  the  image  quality  . In  fact,  a seven 
element  achromatic  lens  was  designed  and 
built  by  Rose  (Ref.  4,5).  The  light  efficiency 
of  these  elements  is  another  drawback.  Using 
thick  materials  (Ref.  6),  100%  efficiency  is 
theoretically  possible.  However,  when  apply- 
ing elements  with  such  efficiencies  to  either 
light  distributed  over  a waveband  or  an  angu- 
lar extent,  apodization  of  the  beam  takes 
place.  This  problem  has  been  discussed  by 
Latta  (Ref.  7).  Another  approach  to  re- 
cording the  element  is  to  make  it  with  a 
material  which  results  in  surface  relief  as 
the  diffracted  structure.  Unless  blazing 
methods  are  used  the  efficiency  is  normally 
limited  to  33%.  These  types  of  elements  have 
the  advantage  of  operating  outside  the  visible 
spectrum  when  overcoated  with  a reflective 
material.  Thus,  as  long  as  the  element  has 
been  designed  to  operate  with  a wavelength 
shift  from  construction  to  reconstruction  of 
say,  5145  A to  1.06  n , the  reflective  over- 
coated element  is  a means  of  implementing 
such  an  IR  element.  At  this  point  we  have 
provided  some  rationale  for  why  holographic 
optics  Is  of  interest.  Let  us  now  examine  the 
need  for  an  analysis  and  design  capability. 

It  is  quite  clear  that  holographic  optics 
has  some  unique  attributes.  Many  of  these 
are  in  contradistinction  to  conventional  op- 
tics. Further,  present  glass  and  mirror 
technology  has  solved  many  optical  problems 
quite  well.  In  general,  holographic  optics 
should  be  viewed  as  complementary  to  pre- 
seni  optical  systems  rathe  than  as  a com- 
petitor For  this  reason  and  others  it  has 


been  quite  apparent  throughout  our  work  in 
holographic  optics  that  flexible  and  general 
optical  analysis  and  design  tools  must  be 
available.  The  only  means  through  which 
these  tools  can  be  realized  is  with  the  aid  of 
i high-speed  general  purpose  digital  computer 

In  this  paper  we  will  describe  recent  de- 
velopments in  the  tools  used  to  design  holo- 
graphic optics.  We  have  simply  called  our 
programs  - Holographic  Optics  - Analysis 
and  Design  (HOAD).  The  discussion  will  be 
divided  into  five  sections:  Michigan  Terminal 
System  (MTS),  Hologram  Ray  Tracing  Pro- 
grams, HOAD  Programs,  HOAD  Program 
Usage,  and  Comments  and  Conclusions. 


In  any  large  program  either  the  user  or 
program  must  be  cognizant  of  the  operating 
system.  Preferrably,  as  the  program  be- 
comes more  oriented  toward  the  user  he  need 
know  less  about  the  operating  system.  These 
statements  are  espprially  true  in  a time  shar- 
ing environment.  The  HOAD  program  makes 
use  of  Its  operating  environment  extensively. 
This  is  known  as  the  Michigan  Terminal 
System  (MTS).  In  this  section  we  will  give  a 
brief  overview  of  MTS  and  how  it  is  used  by 
the  HOAD  program.  For  additional  details 
on  MTS  the  reader  is  referred  to  the  system 
documentation  (Ref.  8)  and  Alexander  (Ref.  9). 

When  writing  any  large  set  of  computer 
programs  (Ref.  10)  one  is  confronted  with  the 
dichotomy  of  maximum  flexibility  and  porta- 
bility Obviously  the  most  flexible  system 
could  be  written  in  the  system  assembly 
language.  The  portability  then  is  restricted 
to  machines  of  the  same  class  or  type.  On 
the  other  hand,  one  can  write  the  programs 
in  ANSI  Fortran  and  realize  a highly  portable 
program  but  one  whose  operational  use  changes 
from  machine  to  machine.  Thus,  most  pro- 
grams are  somewhere  in  between.  The  HOAD 
program  uses  to  considerable  advantage  the 
environment  provided  by  MTS.  To  be  able  to 
effectively  discuss  the  features  in  HOAD  it  will 
be  necessary  to  describe  briefly  the  character- 
istics of  interest  within  MTS. 

MTS  is  a virtual  memory  time  sharing 
and  batch  operating  system  on  a duplex  IBM 
360/  67  computer.  This  system  was  devel- 
oped by  the  Computing  Center  staff  at  The 


156 


I 

* 


University  of  Michigan.  Indicative  of  its 
flexibility  and  advantages  over  other  similar 
operating  systems,  it  is  m use  at  several 
other  institutions  in  the  U.S.  and  the  world. 
The  MTS  system  provides  support  for  remote 
batch,  batch,  and  time  sharing  from  termin- 
als There  is  no  distinction  between  these 
environments,  i.e,,  the  time  sharing  and 
batch  commands  are  identical.  Further  the 
batch  mode,  or  remote  batch  station  can  be 
accessed  via  the  time  sharing  mode.  For 
example,  a user  may  create  a batch  job  from 
the  time  shared  terminal,  submit  it  tc  the 
batch  stream,  and  direct  the  output  to  a re- 
mote batch  statior 

From  a programmer's  standpoint,  MTS 
provides  an  environment  for  program  devel- 
opment that  is  nothing  less  than  excellent. 
Three  factors  contribute  to  this  assessment: 
virtual  memory,  the  file  system,  and  the 
text  editor . In  the  four  years  of  program 
development  we  have  not  used  any  program 
overlays.  We  have  not  been  cognizant  of  the 
memory  required  to  solve  a design  problem 
because  such  an  awareness  was  not  required. 
The  second  and  third  factors  are  equally  as 
significant.  Within  MTS  a file  is  a set  of 
data  located  on  the  disc  system.  In  general, 
the  location  of  data  is  immaterial  and  trans- 
parent to  the  user . No  distinction  is  made  as 
to  the  type  of  data.  Any  file  may  contain  ob- 
ject, source,  or  alphanumeric  data . The 
names  assigned  to  a file  are  determined 
only  by  the  user;  except  in  the  case  of  system 
files.  For  many  files,  especially  source 
code  and  input  data,  line  files  are  normally 
used.  This  scheme  assigns  a line  number  to 
every  record  in  the  file.  These  line  numbers 
allow  the  file  user  to  access  any  line  or  set 
of  lines.  In  fact,  in  MTS  every  file  can  be 
constructed  as  a subset  of  any  other  file  or 
a concatenation  of  files  or  subfiles . In  the 
context  of  the  HOAD  program  a file  can  mean 
literally  any  collection  of  data  In  MTS,  how- 
ever, the  meaning  is  actually  much  broader. 

A file  may  be  accessed  in  many  ways.  One 
method  uses  the  text  editor.  This  is  a power- 
ful, fast,  and  flexible  string  oriented  editor. 

In  keeping  with  the  general  nature  of  files  the 
editor  may  also  operate  on  any  set  of  data. 

For  our  purposes  here  we  will  be  most  con- 
cerned with  its  application  to  input  data  and 
its  modifications.  This  brief  overview  pro- 
vides some  insight  to  the  flexibility  that  MTS 
provides  the  individual  doing  program  devel- 


opment. Of  more  direci  concern  to  us  here 
is  the  m vironment  in  which  the  user  finds  him- 
self. Before  examining  this  we  must  discuss 
the  use  of  MTS  to  handle  interrupts 


Interrupts  are  simply  a break  in  the  nor- 
ma events  of  processing.  These  may  be  caused 
by  the  program  user  or  the  programs.  A user 
generated  interrupt  is  normally  initiated  in 
a time  sharing  mode  at  the  terminal  by  hitting 
the  break  key  In  normal  MTS  operation  this 
al.ows  the  user  to  return  to  the  system  level 
and  consequently  leave  the  programs  he  was 
in  when  processing  was  underway.  The  re- 
sult is  then  one  where  the  user  must  restart 
or  reload  the  programs  that  were  operating 
when  the  break  key  was  hit.  It  should  be 
made  clear  that  it  is  not  an  unusual  event  that 
the  program  user  finds  an  error  and  wishes 
to  correct  that  error  and  restart  operation 
From  our  perspective  the  goal  of  a good  op- 
erating environment  is  that  it  be  both  inter- 
active and  allow  the  user  complete  control  of 
the  analysis  and  design  process  and  one  where 
he  has  little  concern  with  the  system  (MTS) 
environment.  Thus,  the  terminal  interrupt 
function  only  allows  us  to  meet  this  problem 
partially.  The  program  is  under  the  control 
of  the  user,  however,  he  must  exercise  this 
control  at  the  expense  of  having  to  restart  the 
program  Within  MTS  a capability  exists  to 
intercept  these  interrupts  and  allow  the  pro- 
gram to  process  them  in  any  way  it  desired. 

The  implementation  of  this  technique  wUl  be 
discussed  later  in  this  paper. 

The  second  level  of  interrupts  is  a program 
caused  break  in  processing.  Such  events  are 
typically  the  re  jult  of  unexecutable  machine 
code  and  consequently  always  catastrophic. 
Examples  of  an  interrupt  include  divide  by 
zero,  exponent  overflow,  and  addressing  ex- 
ceptions. In  a program  as  large  as  HOAD  it 
is  very  difficult  to  protect  the  user  from  every 
potential  interrupt  condition.  Our  approach 
has  been  one  whore  the  interrupts  are  inter- 
cepted by  the  program  and  the  user  is  allowed 
to  proceed  Th.s  again  avoids  the  problem  of 
a failure  which  brings  the  user  to  the  system 
level.  The  details  of  this  method  will  also  be 
discussed  later  in  the  paper. 

The  basic  operating  steps  for  accessing 
and  using  the  HOAD  program  are  very  simple 
These  steps  are  the  same  from  a terminal  or 
batch  mode  Once  the  user  is  signed  on  a 
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terminal  or  enters  a set  of  cards  into  the 
card  reader  he  is  ready  to  access  the  pro- 
gram . This  is  simply  a run  command . 

$RUN  < FILE  > 

where  < FILE  > is  the  name  wi.  ■ e the  load 
modules  for  HOAD  currently  reside.  This 
file  may  be  associated  with  the  usei 's  identi- 
fication number , i.e.  ID,  or  another  such 
number.  In  any  case  the  accessing  is  very 
simple , 

Once  the  HOAD  program  is  resident  in 
virtual  memory,  the  user  may  perform  analy- 
sis or  design  tasks  at  will  and  in  any  order. 

In  addition,  the  output  may  be  directed  to 
any  location  including  the  terminal,  a file, 
a remote  batch  station,  or  a printer  at  the 
computer  site.  Further,  the  HOAD  program 
user  may  re-enter  (he  system  level  without 
unloading  the  programs  and  then  return  to  the 
programs.  Thus,  the  approach  outlined  here 
is  one  of  a subsystem  which  has  its  own  user 
environment. 

With  this  brief  overview  of  MTS  and  its 
relationship  to  the  HOAD  program  we  will 
examine  the  ray  tracing  programs  which 
form  a basis  of  the  HOAD  program  . 


In  any  ray  tracing  program  there  must  be 
a kernel  from  which  the  program  is  built.  In 
the  HOAD  program  this  is  the  module  which 
is  referred  to  as  the  hologram  ray  tracing 
program.  This  section  of  the  paper  will  focus 
on  the  machanics  of  the  program  in  a block 
diagram  form  rather  than  a detailed  descrip- 
tion of  the  ray  tracing  technique.  For  this 
information  the  reader  is  referred  to  Latta 
(Ref.  11)  and  Latta  and  Champagne  (Ref.  12). 

The  complexity  permitted  in  the  analysis 
is  shown  in  Fig  1.  Several  types  of  holo- 
grams can  be  analyzed: 

Transmission 

Reflection 

Reflective  Overcoated 

In  addition  the  holograms  may  be  either  for- 
ward or  backward  illuminated  and  recon- 
structed using  an  order  of  ± n or  zero.  One 
hologram  is  located  with  respect  to  another 
using  six  variables:  x.  y,  z separation 


P .Necttor 


Figure  1 . General  Hologram  and 
Optical  System  Geometry 


between  the  elements  and  the  set  of  tl  ree 
euler  angles  a , ft  , 7,  from  one  coordinate 
system  to  the  next.  In  addition,  the  holo- 
grams may  be  on  substrates  of  conic,  toric, 
or  aspheric  types. 

In  performing  an  analysis  of  a holographic 
optics  system  the  rays  are  kept  in  an  array 
which  contains  the  x,y,  z location  of  the  last 
point  on  the  ray,  the  direction  cosines,  the 
phase,  and  amplitude.  The  phas"  plays  an 
important  role  in  this  analysis  because  most 
of  our  present  results  are  expr  ssed  in  terms 
of  wavefront  aberrations . Th"  amplitude  is 
included  because  the  rays  ur  ergo  attenuation 
when  propagating  through  the  emulsion  as 
a result  of  a hologram  efficiency  which  is  less 
than  100%. 

The  analysis  of  a system  when  a set  of 
rays  is  propagated  through  it  is  best  illustrated 
with  the  aid  of  Fig.  2.  This  analysis  is  ini- 
tiated when  a reconstruction  phase  surface  is 
incident  on  the  first  hologram . This  plane 
surface  is  the  result  of  one  point  in  recon- 
struction space,  i.e  object  space  in  con- 
ventional optics  termr  ology.  This  phase 
surface  is  actually  a set  of  rays.  The  set 
can  be  defined  by  the  program  user  or  the 
programs.  Normally , we  use  a set  of  two 
orthogonal  fans  of  rays  with  sufficient  density 
to  sample  the  wavefront.  This  set  of  rays 
propagates  to  the  first  hologram.  At  this 
point  in  the  program  the  hologram  ray  tracing 
operation  is  begun;  we  will  examine  this  block 
in  more  detail  later.  For  the  time  being  let 
us  assume  that  this  set  of  rays  has  been  pro- 
pagated through  the  hologram . If  we  are  con- 
sidering a single  element  the  ray  analysis 
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proceeds  to  the  image  location  routine,  ,'n  a 
multiple  element  system,  the  rays  are  trans- 
ferred from  one  element  to  the  next.  The  ray 
bundle  is  then  incident  on  the  next  hologram 
and  the  analysis  proceeds  as  before  until  the 
set  of  rays  have  propagated  through  all  the 
holograms . 

Once  all  the  rays  exit  the  last  hologram 
they  are  analyzed  to  determine  the  location 
of  the  Gaussian  image.  This  is  accomplished 
using  an  algorithm  suggested  by  Hopkins 
(Ref.  13)  and  discussed  by  Titian  (Ref.  14). 
After  the  image  is  located,  the  rays  are  pro- 
pagated from  the  hologram  to  a constant 
phase  surface.  This  phase  surface  is  then 
compared  against  the  reference  sphere  that 
is  centered  at  the  Gaussian  image  point.  This 
comparison  calculates  the  wavefront  aberra- 
tions. The  results  of  the  ray  tracing  analysis 
is  then  complete.  Let  us  now  return  to  the 
earlier  discussion  of  the  hologran  ray  tracing 
section  shown  in  Fig.  2. 

Illustrated  in  Fig.  3 is  a block  diagram 
of  that  section  of  the  analysis  program  which 
does  the  actual  ray  tracing.  Initially  the 
ray  set  is  located  on  the  tangent  plane  of  the 
hologram  surface.  The  function  of  this  sec- 
tion is  to  propagate  that  ray  to  the  actual  sur- 
face Once  the  x,  y,  z point  is  determined, 
two  routines  are  called  which  calculate  the 


Figure  3.  Hologram  Module  Ray  Tracing 
Block  Diagram 

direction  cosines  of  the  two  rays  originating 
from  the  object  and  reference  beams.  These 
are  the  two  beams  which  were  used  in  the  ori- 
ginal construction  process  to  make  the  holo- 
gram The  interaction  of  these  two  rays  re- 
sults in  interference  fringes  and  thus  the  holo- 
gram . Once  the  property  of  the  interference 
fringes  at  this  location  is  determined  the  grat- 
ing equation  (Ref.  12)  can  be  used  to  find  the 
direction  cosines  of  the  ray  which  exits  from 
the  hologram.  The  actual  cosines  are  also 
dependent  on  the  type  of  hologram,  i.e. , re- 
flection or  transmission.  This  process ’of 
iterating  the  rays  from  the  tangent  surface 
to  the  point  where  they  exit  from  the  hologram 
proceeds  until  all  rays  have  been  propagated 
through  the  hologram. 

In  this  section  we  have  established  an 
overview  of  the  basic  module  for  tracing 
rays  in  the  holographic  system.  We  will  now 
combine  this  module  into  a system  which  not 
only  includes  the  features  discussed  earlier 
in  the  MTS  description  but  also  a design  sec- 
tion in  the  HOAD  program . 

Holographic  Optics  - Analysis  and  Desien 
(HOAD)  Program" — ^ 

The  HOAD  programs  are  very  flexible 
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and  directed  towards  a high  level  of  user  inter- 
action. Such  objectives  are  not  accomplished 
without  some  penalty,  in  this  case  the  relative 
length  of  the  programs.  The  statistics  are 
given  in  Table  1 Each  of  the  modules  are 
shown  on  the  left  and  will  be  discussed  in  this 
section.  The  total  number  of  lines  is  14,845 
for  a total  of  144  subroutines  and  the  mainline. 
The  load  module  size  for  HOAD  is  330  K bytes. 

Table  1 . HOAD  Program  Statistics 


MODULE 

LINES 

CONTRO. . 

4165 

HOLOGRAM 

2565 

OPT 

3433 

SINGLE 

1115 

UTILITY 

3567 

TOTAL 

14,845 

FORTRAN  ; 

91% 

ASSEMBLER  : 

9% 

SUBROUTINES  : 

144 

ENTRY  POINTS  : 

179 

LOAD  MODULE 

SIZE  : 

330  K Bytes 

The  module  Interaction  is  best  illustrated 
with  the  aid  of  Fig.  4.  MTS  is  accessible 
through  the  control  module.  Such  access 
allows  the  user  to  lrput  most  system  level 
commands  and  then  re-enter  the  HOAD  pro- 
gram. Of  most  Interest  to  a normal  user  is 
the  availability  of  the  file  system . Two  levels 
of  files  are  shown  In  Fig.  4;  user  and  public. 
We  have  discussed  the  user  file  system  in  an 
earlier  section  and  will  therefore  direct  our 
attention  to  the  public  files . These  Include  the 
pseuclo-devlces,  i.e.,  files,  where  data  either 
originates  from  and/or  is  sent  to.  For  ex- 
ample, * ’’RINT*  is  a file  which  in  actuality 
is  the  high  speed  printer  at  the  computer  site. 
HASP  is  the  spooling  system  which  serves  as 
a buffer  of  input  or  output  data.  It  is  the  nor- 
mal interface  to  the  remote  batch  stations. 
Examples  of  public  and  user  file  usage  will  be 
given  in  the  next  section.  We  will  now  exa- 
mine the  various  modules  and  their  functions. 

The  control  module  provides  the  user- 
program  interface.  Its  functions  are  as  fol- 
lows : 
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a)  input  line  parsing  to  permit  a free  field 
format  and  syntactical  error  diagnostics 

b)  input  command  decoding 

c)  input  command  error  checking  and  diag- 
nostics 

d)  generation  of  a table  to  define  a holo- 
gram system 

e)  global  checking  of  input  data  to  deter- 
mine if  a minimum  system  has  been 
specified 

f)  conversion  of  the  table  generated  in  d) 
above  to  the  common  blocks  in  the  holo- 
gram module 

g)  attention,  program,  and  I/O  interrupt 
handling 

h)  dumping  of  table  and  common  blocks  as 
error  diagnostics 

i)  remote  station  printing  of  files 

j)  input/ output  file  maintenance  i.e.  . 
opening  and  closing  of  files 

k)  issuing  of  MTS  commands 

l)  trace  of  subroutine  entry  and  exits. 

Aside  from  these  functions  the  control  module 
calls  the  appropriate  modules  when  a solution 
to  a given  system  Is  requested. 

The  hologram  module  has  been  discussed 
previously.  It  is  simply  invoked  by  a request 
or  command 

SOLVE  RAY 

which  is  interpreted  by  the  control  module  to 
obtain  a solution.  At  this  point  the  tables 
which  were  generated  by  the  previous  commands 
are  entered  into  the  common  block  of  the  holo- 
gram modules . The  passing  of  parameters  is 
not  necessary;  only  a call  to  the  entry  point  for 
a solution  of  the  system. 

The  design  of  a system  is  implemented  via 
the  optimization  module.  This  module  has  a 
set  of  variables  defined  for  its  use  in  the  opti- 
mization process.  The  currently  defined  holo- 
gram system  is  used  as  a beginning  point.  The 
optimiza.lon  module  Is  invoked  by  a command 

SOLVE  OPT 

which  is  decoded  by  the  control  modules.  The 
optimization  process  and  module  will  be  dis- 
cussed in  more  detail  later  in  this  section 

Single  holographic  elements  can  be  studied 
using  either  the  complete  hologram  ray  tracing 
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Figure  4 HOAD  Program  Module  Interaction  Block  Diagram 


module  or  the  single  element  analysis  module 
In  the  latter  case,  this  module  is  u=ed  to  ob- 
tain quick  answers.  The  single  element  analy- 
sis program  will  complete  the  same  level  of 
solution  as  the  larger  hologram  module. 

The  utility  module  is  a set  of  low  level 
mathematical  subroutines  that  may  be  used 
in  any  of  the  other  modules . All  the  routines 
are  called  by  argument  and  have  no  common 
blocks.  In  general,  these  routines  call  no 
other  routines.  Examples  of  the  functions 
performed  include:  coordinate  conversion, 
coordinate  transformation,  and  surface  inter- 
cepts 

We  have  briefly  discussed  some  of  the 
functions  of  the  control  module.  Now  con- 
sider Fig.  5 which  illustrates  in  a block  dia- 
gram the  various  functions . It  is  important 
to  note  that  one  of  the  main  purposes  of  this 
module  is  as  an  interpreter.  That  is,  it 
analyzes  each  input  line  and  takes  appropriate 
action  based  on  the  contents  of  the  line.  This 
is  normally  done  while  the  user  is  at  a term- 


inal Input  may  also  originate  from  a user  file 
on  disk  Once  the  command  has  been  decoded 
the  necessary  action  is  initiated.  For  nearly 
all  commands,  once  the  required  steps  are 
complete  the  program  returns  to  the  command 
level  mode  and  awaits  further  input.  Consider 
the  case  where  the  command  specifies  para- 
meters associated  with  the  hologram.  These 
parameters  are  decoded  and  their  variables 
identified  and  then  placed  in  a table.  This 
process  continues  until  the  user  requests  a 
solution  It  is  important  to  note  here  the  role 
that  the  table  plays  in  the  operation  and  organi- 
zation of  the  programs  The  table  essentially 
provides  a decoupling  of  the  control  modules 
from  the  modules  which  are  called  Generally, 
there  is  only  one  routine  which  handles  the  table 
to  common  block  conversion.  Thus,  either  the 
input  command  format  or  the  ray  tracing  pro- 
grams may  be  changed  without  a severe  impact 
ori  the  other  module.  Although  a technique 
which  uses  both  common  blocks  and  tables  may 
appear  bulky  we  feel  it  has  the  distinct  advan- 
tage of  a more  modular  program  construction 
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Figure  5.  HOAD  Program  Control  Module 


The  program  user  may  specify  any  of  the 
five  general  classes  of  commands : 

al  system  parameters  or  variables 

b)  options 

c)  files 

d)  MTS 

e)  solutions 

In  (a)  the  input  may  include  both  data  for  the 
hologram  or  optimization  module.  As  with 
any  optical  analysis  and  design  program  the 
user  has  a set  of  options  he  may  select.  Ex- 
amples in  the  case  of  HOAD  Include  the 
method  of  image  determination,  selection 
of  output  data,  etc.  The  file  related  com- 
mands allow  the  user  to  direct  output  to  a 
file  or  request  input  from  a file . The  end 
goal  of  the  program  is  to  provide  the  user 
with  a solution  to  his  problem.  Be  it  analy- 
sis or  design  this  Is  requested  by  the  SOLVE 
command.  The  output  can  be  directed  to 
various  devices  or  files . Upon  completion 
of  the  solution,  control  is  returned  to  the 
command  level. 

The  optimization  module  is  shown  In  Fig. 
6.  The  parameters  which  are  passed  to  this 
module  include  a table  of  variables , their 
initial  values,  the  range  over  which  they  can 
vary,  and  a selection  of  merit  function  and 
search  method.  Upon  entry  to  the  module 
the  variables  are  initialized  and  the  hologram 


module  is  called  for  an  initial  solution.  These 
programs  are  also  written  in  a modular  fashion 
so  that  additional  merit  functions  and  search 
methods  can  be  Incorporated  quite  easily. 

When  the  program  proceeds  to  the  search 
method  the  selected  technique  essentially 
takes  over  control  of  the  programs  by  making 
repeated  calls  to  the  hologram  module  and 
calculating  the  merit  function  selected  earlier. 
The  search  method  library  presently  includes 
four  methods,  however,  others  can  be  added 
quite  easily.  One  of  the  parameters  in  the 
initial  call  to  the  optimization  method  is  a 
count  of  the  number  of  steps  permitted.  The 
number  of  iterations  will  not  exceed  this  value. 
Further,  if  the  program  user  finds  that  the 
optimization  is  not  reaching  a satisfactory 
conclusion  he  can  abort  the  design  by  simply 
hitting  either  the  break  or  attention  key  at  the 
terminal.  The  programs  then  return  to  the 
command  level.  When  the  search  is  completed 
the  best  result  Is  placed  Into  the  common  block 
and  the  tables.  The  optimization  module  pro- 
vides a flexible  environment  in  which  to  access 
and  vary  virtually  any  variable  In  the  system 
and  evaluate  the  performance  of  the  system 
using  whatever  merit  function  is  required. 

With  a program  as  lar^e  as  HOAD  it  can 
be  quite  difficult  to  locate  an  error.  From  a 
user’s  viewpoint  it  i3  also  quite  convenient  to 
have  an  indication  vhere  an  error  has  occurred. 
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Figure  6.  HOAD  Program  Optimization  Module 


In  our  experience  such  information  can  readily 
lead  the  user  to  suspect  a specific  type  of  in- 
put error.  To  implement  a traceback  facility 
we  have  included  a first  in  last  out  stack  within 
the  total  HOAD  program.  This  stack  is  acces- 
sible by  every  subroutine  and  is  best  illus- 
trated with  Fig.  7 At  entry  to  the  subroutine 
the  stack  is  pushed  down  with  a unique  code 
which  designaies  the  particular  routine  cur- 
rently being  processed.  If,  in  this  routine, 
another  routine  is  called  it  will  also  enter  the 
stack.  Upon  exit  the  stack  is  pushed  up  and 
the  code  for  the  specific  module  is  erased 
from  the  stack.  Thus,  if  an  abort  should  take 
place  within  a module,  one  only  need  examine 
the  stack  to  determine  all  the  modules  called 
to  reach  the  specific  routine  which  aborted. 

We  have  found  this  technique  introduces  only 
a small  overhead  and  in  return  it  provides  a 
valuable  diagnostic  tool  for  both  the  program 
user  and  developer. 
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Figure  7 Subroutine  Tracing  T,°chnique 


As  illustrated  in  an  earlier  description 
the  attention  interrupt  feature  of  the  HOAD 
programs  provides  a means  for  the  user  to 
have  complete  control.  This,  however,  is 
only  implemented  by  using  system  level  rou- 
tines in  MTS  and  non-standard  FORTRAN 
returns.  Figure  8 illustrates  the  process  by 
which  these  techniques  are  implemented.  In 
(a)  the  HOAD  programs  initiate  a call  to  MTS 
to  request  that  when  any  interrupt  occurs  that 
the  transfer  of  control  be  directed  to  a design- 
ated location.  This  call  to  MTS  takes  place 
early  in  the  main  line  control  program.  When 
an  interrupt  occurs  MTS  intercepts  the  break 
in  processing  and  returns  control  to  the  inter- 
rupt handling  code  originally  designated  in  (a). 
As  part  of  the  interrupt  handling  module  the 
traceback  routine  is  called  to  examine  the 
first-in-last-out  stack.  This  provides  data 
on  where  the  interrupt  occurred.  The  pro- 
cessing step  is  shown  in  d)  where  the  inter- 
rupt trap  shown  in  (a)  is  reestablished  in  the 
event  another  interrupt  should  occur  The 
final  step  is  shown  in  e)  where  control  is  re- 
turned from  the  interrupt  handing  code  to  the 
control  module.  This  concept  of  interrupt 
handling  provides  the  user  with  fu’  jontrol  of 
his  analysis  and  design  session  from  the 
terminal . 

HOAD  Program  Usage 

Up  to  this  point  the  discussion  has  largely 
centered  on  the  implementation  details  and 
little  on  the  actual  user  interface  to  the  pro- 
gram and  its  usage.  We  will  now  direct  our 
attention  to  this  area  Rather  than  discuss 
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Figure  8.  Interrupt  Handling  in  MTS  and  the  HOAD  Program 


the  various  program  commands  in  detail  here 
we  have  included  a summary  of  them  in  an 
appendix. 

To  illustrate  the  correspondence  between 
an  element  and  its  input  description  let  us 
first  consider  Fig.  9.  Shown  here  is  an  infra- 
red optical  element  which  is  designed  to  oper- 
ate with  a wavelength  shift  from  XQ  = 5145  A 
toX  = 1.06  p.  In  other  words,  This  ele- 
menris  constructed  using  an  argon  laser 
wavelength  and  reconstructed  using  a NdYAG 
laser.  The  parameters  used  to  specify  the 
system  follow  Champagne  (Ref.  15)  and  Latta 
(Ref.  16).  These  are  summarized  in  Table 
2.  All  dimensions  as  input  to  the  program 
are  in  meters.  A list  of  the  input  commands 
for  this  system  is  given  in  Table  3. 


CONSTRUCTION 

~.6667m 


-2m 

RECONSTRUCTION 
- .4954  m 

c J N 

^ i > 7 

Xc-I06  n 

Figure  9.  Infrared  Optical  Element 


Table  2.  Infrared  Optical  Element  Parameters 


CONSTRUCTION 
a Q = -15°,  RQ  = -.667m 

aR  = +5.0°,  RR  = -2.00m 

XQ  = 5145  R 

D = . 1016  m 


RECONSTRUCTION 
a c = 23.691°,  Rc  - oc 

Oj  = -18.119°,  Rj  = -.485m 

X c = 1 . 06  n 

D = . 1016  m 
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Table  3 Infrared  Optical  Element  Input  De- 
scription to  the  HOAD  Program 

REC  A 23.691  P 
LAMC  . 1060D-05 
HOL  1 

OBJ  A -15.  R - .667  D 

REF  A 5.  R -2.  D 

LAMO  .5145  D-06 

DIA  .1016 

ORDER  -1 

FAN  PTS  21 

FAN  PTS  21  THETA  90 

One  of  the  primary  objectives  of  these 
programs  Is  to  make  the  input  as  closely 
related  to  the  actual  parameters  as  possible. 
This  can  be  seen  by  comparing  tables  2 and 
3.  For  example,  the  reconstruction  beam 
is  simply  specified  as  REC  and  a trailing 
list  of  those  parameters  associated  with  it. 
There  are  default  assignments  also  which 
ease  the  input  task.  In  this  case  p = 0°  is 
assumed  because  no  input  was  specified . The 
general  rule  to  follow  is  that  a qualifier  pro- 
ceeds the  specification  of  a variable.  In  the 
case  of  the  object  beam  A for  a proceeds  -15 
i°r  a Q = -15  and  likewise  R in  front  of  .6667 
f°r  Rq  1 .6667  m.  Also  included  on  the  three 
commands  which  specify  beams,  i.e.,  O,  R, 
and  C,  are  trailing  modifiers  P and  D.  These 
are  from  the  set  where  P and  M are  for  plane 
waves  that  come  from  plus  and  minus  infinity 
respectively  and  D and  C which  represent 
spherical  wavefronts  which  are  diverging 
and  converging.  The  command  HOL  1 simply 
indicates  that  the  next  set  of  commands  applies 
to  the  first  hologram.  The  ORDER  -1  Is  used 
because  this  is  a hologram  which  Is  back- 
ward illuminated  as  can  be  seen  In  Fig.  9. 

The  two  fan  commands  set  up  two  sets  of 
fans  on  the  surface  of  the  hologram  which  are 
along  the  y-axis  (0  = 0°)  and  x-axis  (0  = 90°). 
The  DIA  command  applies  for  both  construc- 
tion and  reconstruction.  When  the  input 
shown  in  Table  3 Is  used  the  output  illustrated 
in  Fig.  10  results.  The  output,  however,  can 
only  be  generated  once  a SOLVE  RAY  com- 
mand is  issued.  This  output  example  is  quite 
simple  and  illustrates  two  aspects.  The 


first  is  an  echo  of  the  input  data  and  the  second 
is  the  output  which  was  calculated  by  the  pro- 
gram. The  output  includes  both  the  image  lo- 
cation denoted  by  beam  I and  the  aberration. 

The  two  tables  of  coordinate  and  actual  are 
a listing  of  the  wavefront  aberrations  associ- 
ate^ with  each  ray  in  the  two  fans  for  the 
image  point  given  earlier.  The  two  measures 
of  ? serration  indicate  the  relative  performance 
of  tne  system.  The  one  which  we  use  most 
frequently  is  DELTA  G or  the  maximum  to 
minimum  wavefront  deviation  from  the  ref- 
erence sphere.  One  option  which  can  be  in- 
cluded in  the  output  is  a curve  fit  to  deter- 
mine the  contribution  of  the  various  aberra- 
tions at  this  image  point. 

This  example  represents  approximately 
the  simplest  level  of  analysis  that  can  be  re- 
quired of  the  HOAD  program.  Let  us  now 
move  on  to  a more  complex  system.  Con- 
sider Fig.  11  which  illustrates  a three  ele- 
ment 5X  holographic  optics  telescope.  The 
system  parameters  are  described  in  Table 
4 and  the  corresponding  HOAD  program  Input 
in  Table  5.  This  system  differs  from  the  pre- 
vious one  In  that  multiple  elements  are  present. 
These  elements  are  indicated  by  a SEP  com- 
mand for  separation.  We  again  use  the  a , (3  , 

R coordinate  system.  In  this  case  a „ is  the 
angle  from  hologram  1 to  2.  Note  thaTfrom 
hologram  2 to  3 that  there  Is  an  Euler  angle  (3 
of  -24.877  . This  is  also  shown  in  Fig.  11. 

Our  Euler  angle  geometry  follows  that  of 
Korn  and  Korn  (Ref.  17). 

The  input  or  command  decoding  portion  of 
the  control  modulo  in  the  HOAD  program  is 
essentially  an  interpreter.  Thus,  each  com- 
mand is  read  one  at  a time.  Little  in  the  way 
of  rules  are  imposed  on  the  input  other  than 
to  follow  the  command  syntax.  For  example, 
a numerical  value  may  be  specified  as  integer 
or  floating  point  and  it  is  automatically  con- 
verted to  the  proper  format.  The  Input  for- 
mat is  free  form  and  the  values  may  occur 
any  place  within  a command . Blanks  have  no 
meaning  except  for  the  HEAD  command.  In 
addition,  HOL  2,  for  example,  may  be  specified 
before  HOL  1 The  only  condition  is  that  HOL  1 
be  eventually  specified  before  issuing  a 
SOLVE  command.  Within  any  given  Input  set, 
any  command  may  be  multiply  specified  and 
the  last  value  is  always  used. 
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Figure  10.  Sample  HOAD  Program  Output 
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-24.87*  ^ 

Xc * 6326* 

Figure  11.  Three  Element  5X  Telescope 


Table  4.  Three  Element  5X  Holographic  Optics  Telescope  Parameters 


Hologram 

1 


Hologram 

2 


Hologram 

3 


“o  ' °°-  R0  = -1  m %s  °°.  Ro=  4 m "o'  °°>  Ro  ' 2 m 

"r^20°’  RR  - * "Ri20°’  RR  = 4m  «R  = -20°,  Rr  ■*  cc 


X 0 * 5145  ft 


XQ  = 5145  ft 


X Q » 5145  ft 


SYSTEM 

° 12  = 0°,  R12  ^ --81305  m 
a23  = 24.877°,  Rg3  = -.16261  m 
0 = -24.877° 

X = 6328  ft 


Consider  a more  representative  example 
of  the  use  of  HOAD  in  Fig.  12.  This  is  an 
output  from  a terminal  session.  We  notice  a 
series  of  0*  and  1*  at  the  beginning  of  a line. 
These  are  known  as  the  prompting  characters 
sent  by  MTS  to  the  terminal  to  indicate  MTS 
is  ready  for  input.  A typical  character  is  a 
# or  $ sign.  However,  for  the  HOAD  program 
we  chose  to  modify  this  character  and  to  use 
the  current  hologram  number.  In  this  man- 
ner the  program  user  always  knows  what 
elements  he  is  specifying  parameters  for. 

As  can  be  seen  following  the  SOLVE  RAY 
command,  the  output  example  shown  in  Fig. 


10  can  be  suppressed.  In  the  example  shown 
here,  the  values  of  interest  were  simply  re- 
quested with  a display  command . The  image 
parameters  are  shown  and  then  the  aberra- 
tions present  in  the  image.  An  interesting 
example  of  the  use  of  an  MTS  function  from 
the  HOAD  program  is  shown  when  the  com- 
mand 

MTS  /DISPLAY  COST/ 

is  given.  The  portion  of  the  command  DIS- 
PLAY COST  is  then  issued  to  MTS  and  then 
control  is  returned  to  HOAD.  The  cost 
shown  here  is  for  the  complete  terminal 
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Table  5.  Three  Element  5X  Holographic  Op- 
tics Telescope  Input  Description  to  HOAD 

REC  A 24.877,  P 
LAMC  0 . 6328D-06 
HOL  1 

OBJ  A .0,  R -1.,  D 
REF  A 20. , M 
LAMO  0 . 5145D-06 
DIA  .1016 

SEP  A .0,  R -.81305 
ORDER  -1 
HOL  2 

OBJ  A .0,  R .35,  D 
REF  A 20. , R 4. , D 
LAMO  0. 5145D-06 
SEP  A 24.877,  R -.16261 
EULER  B -24.877 
ORDER  -1 
HOL  3 

OBJ  A .0,  R .2,  D 
REF  A -20.  , P 
LAMO  0.5145  D-06 
ORDER  -1 


command  is  given  we  request  FUNC  4,  i.e 
low  aberrations,  and  with  only  20  steps  and  ’ 
a direct,  i.e. , DIR,  search  procedure.  The 
table  which  results  after  the  SOLVE  OPT 
command  shows  in  the  first  column  the  merit 
function  value,  in  this  case  |a  | , and  then 
the  variable  or  variables  which^e  being 
changed  by  the  optimization  technique.  When 
either  a specified  level  of  performance  is 
reached  or  the  number  of  steps  permitted  is 
exceeded  the  optimization  procedure  stops. 

At  the  end  of  the  run  the  best  evaluation  is 
printed  out.  As  a last  exercise  v/e  request 
that  the  output  be  sent  to  PRINT.  Then  a 
SOLVE  RAY  command  is  issued.  We  should 
be  careful  to  note  that  since  the  completion  of 
the  optimization  run  the  variables  now  resident 
in  the  common  blocks  are  those  of  the  best 
optimization  solution.  Thus,  by  giving  the 
command  SOLVE  RAY  a complete  analysis 
is  performed  o i the  best  system  that  resulted 
from  the  optimization  command.  This  com- 
mand then  issues  a set  of  MTS  commands  to 
direct  the  contents  of  the  file  delimited  by 
/ . . ./  to  the  station.  These  examples  illustrate 
the  -elative  ease  with  which  the  programs  can 
be  used.  It  is  difficult  to  provide  any  type  of 
exhaustive  example  because  the  number  of 
possibilities  is  virtually  infinite.  What  we 
have  attempted  here  is  an  overview  of  the 
typical  kinds  of  problems  that  can  be  solved. 

Comments  and  Conclus  ions 


FAN  PTS  21 

FAN  PTS  21,  THETA  90 

ses  i up  to  this  point  and  includes  the  load- 
ing of  the  HOAD  program.  The  next  set  of 
commands  down  to  OUT  illustrate  the  use  of 
the  MTS  file  structure.  In  this  example  we 
have  simply  emptied  a file  on  this  ID  known  as 
PRINT . The  output  from  HOAD  Is  then  di- 
rected to  PRINT  by  the  OUT  / PRINT/  com- 
mand . To  put  data  Into  the  PRINT  file  we 
simply  Issue  a command  DISPLAY  IMAGE, 
ABER.  To  examine  the  output  an  MTS  com- 
mand LIST  PRINT  Is  issued  and  the  results 
are  then  listed.  In  the  next  section  of  the  run 
we  illustrate  an  example  of  an  optimization 
using  only  one  variable  with  a direct  search 
and  merit  function  for  low  aberrations.  The 
command  REC  A . . . requests  that  the  variable 
a q be  varied  from  a lower  bound  of  -20°  to 
an  upper  bound  of  -5  . When  Ihe  MERIT 


The  HOAD  program  has  proved  to  be  an 
extremely  valuable  tool  in  the  design  of  holo- 
graphic optics  systems.  Earlier  versions 
used  the  conventional  FORTRAN  approach  of 
fixed  field  inputs  with  typical  FORMAT  state- 
ments. The  numerical  results  from  using  such 
a program  are  essentially  the  same  as  the 
current  version  of  the  HOAD  program.  How- 
ever, the  difference  in  productivity  Is  very 
significant.  We  find  that  very  productive 
terminal  sessions  up  to  four  hours  can  readily 
be  experienced.  This  is  the  total  time  that 
the  program  resides  In  virtual  memory  and  is 
in  use  by  the  designer.  On  the  basis  of  our 
experience  with  this  version  and  the  earlier 
fixed  field  version,  the  additional  cost  over- 
head Is  minimal.  From  our  vantage  point  the 
added  cost  of  the  CONTROL  module  to  imple- 
ment a flexible  interpreter  of  commands  Is 
insignificant  compared  to  the  marked  increase 
in  productivity . 
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Figure  12.  Sample  Terminal  Session  Using 
the  HOAD  Program 

We  feel  that  in  a program  as  complex  as 
a major  optical  analysis  or  design  system  the 
designer  and  user  must  be  taken  into  account. 
In  fact,  the  program  design  and  Implementa- 
tion for  ease  of  use  should  play  a critical  role 
in  the  overall  system  development. 

As  with  any  large  program  It  is  never 
finished.  One  can  ask  where  does  HOAD 
go  from  here?  This  can  best  be  stated  by 
discussing  a few  of  the  current  version's 


limitations.  First,  conventional  optics  are 
not  explicitly  treated.  They  can  be  included 
in  an  analysis  by  setting  the  hologram  order 
to  zero.  However  such  a technique  is  Indirect 
at  best.  The  next  major  revision  must  include 
the  full  range  of  conventional  optics.  The 
coordinate  system  transformations  can  also 
be  improved.  Presently  a hologram  is  speci- 
fied from  one  element  to  the  next.  Any  future 
revisions  should  include  the  ability  to  assign 
arbitrary  reference  coordinate  systems  which 
are  either  local  or  global.  Additional  improve- 
ments can  also  be  made  in  the  areas  of  aber- 
rations, spot  diagrams , pupils,  transfer 
functions,  and  hologram  thick  media. 

The  HOAD  program  Is  a reflection  of  a 
new  aspect  of  optics.  That  is,  It  Is  an  imple- 
mentation of  the  diffractive  optical  element 
within  the  set  of  conventional  optical  compo- 
nents. We  feel  its  potential  can  only  be  effec- 
tively explored  with  general  analysis  and  de- 
sign tools  such  as  the  HOAD  program. 
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APPENDIX 


The  following  is  a list  of  the  commands  available  in  the  HOAD  program: 


HEAD  /<  HEADING >/ 

The  heading  command  will  be  printed  at  the  beginning  of  the  run  output.  If  no  heading 
is  entered,  the  last  header  line  entered  is  deleted.  ^ 


LAM  < > 
LAMC  < > 
LA  MO  < > 


When  LAM  is  input  the  variable  it  is  assigned  to  is  determined  by  its  context  in  the 
input  group  For  example  if  it  is  the  first  command  specifying  LAM  the  variable 

/r^0,6  C'  Any  occurance  of  withi*  a HOL  set  is  assumed  to  be 
LAMO  for  that  hologram  set.  If  LAMC  or  LAMO  is  specified  it  is  directly  assigned 
to  the  respective  variables . B 


' > ® ' > R ' > <C,D,P,M>  or  X < > Y < > Z < > <C,D,P  M> 

REF  A < ^ o ' ' 2 < > orX  < > Y < > Z <>  <C,D,P  M> 

fulrii  n>RV  <C-D-P-M>  orX  < > Y < > Z <>  < C.D  P M> 

A < ? B < > R < > < C,D,  P,M  > orX<>Y<>Z<>  <CDPM> 

IMREF  A < > B < > R < > < C,D,P,M>  or  X < > Y < > Z < > < c’d  P M> 

SEP  A <>E<>R<>orX<>Y<>Z<>  >>> 

EULER  A<>B<>G<> 

By  specifying  a partial  list  of  only  one  or  more  variables  and  their  associated  abbera- 
tions  the  remaining  unspecified  variables  default  to  zero.  Note,  on  those  input 
commands  requiring  -,D,P,M0ne  of  these  characters  must  appear.  The  parameters 


A = alpha 
B = beta 

R = radial  distance 
X = coordinate 
Y = coordinate 
Z = coordinate 
D = diverging  source 
C = converging  source 
P = plane  wave  coming  from  +■  infinity 
M = plane  wave  coming  from  - infinity 

TheOBJandREF  commands  are  applied  to  the  current  hologram  number,  i.e  last 
HOL  < > command.  If  none  is  present  the  first  hologram  is  assumed. 


POINT  R < > THETA  < > or  X < > Y < > 

FAN  LFAN  < > THETA  < > PTS  < > XCTR  < > YCTR  < > 

ARRAY  MAXX  < > MAXY  < > PZ  < > PY  < > SCTR  < > YCTR  < > 

HEX  RHEX  < > PHEX  < > XCTR  < > YCTR  < > 

These  commands  define  a set  of  points  on  the  first  hologram . More  than  one  commar  d 
may  be  used  in  the  input.  Each  command  is  cumulative  on  the  next.  The  total  number 
of  points  should  not  exceed  100.  The  parameters  are : 
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fc 


HOL 


R = radial  distance  to  center  point 

THETA  = angle  of  center  point  with  X-axis  (degrees),  (default  = 0) 
X = coordinate  of  point  ’ 

Y = coordinate  of  point 

LFAN  = length  of  fan.  (default  = diameter  of  hoiogram  #1) 

THETAX  = angle  of  fan  with  X-axis  (degrees),  (default  =0) 

PTS  = number  of  points  on  fan . (default  = 7) 

XCTR  = X coordinate  of  center  point,  (default  = 0) 

YCTR  = Y coordinate  of  center  point,  (default  = 0) 

MAXX  - iength  of  array  in  X direction 
MAX*  = iength  of  array  in  Y direction 
PX  = number  of  points  in  X direction 
PY  = number  of  points  in  Y direction 
RHEX  = radius  of  hexpolar  array 

PHEX  = number  of  points  aiong  radius  including  center  point 


I"!*  command  indicates  the  hologram  set  associated  with  the  next  group  of  commands 

if  Z££mL  COmmand  iS  entered-  ThiS  ™d  is  only 


DIA 


sPecifles  the  diameter  of  the  current  hoiogram.  If  no  parameter  is 
given,  the  default  value  is  set. 


PAGE 

This  command  provides  a skip  to  top-of-page  on  the  current  output  device. 
COMMENT  / < TEXT  > / 

This  command  causes  tie  text  field  to  be  printed  on  the  current  output  device. 
CDUMP 

™;u—  causes  a dump  of  the  current  common  blocks  on  the  currently  defined 


SURFACE  CC  < > CV  < > CR  < ^ AD  < > AE  < > AF  < > AG 

311?  cornman<J  specifies  the  hologram  surface  parameters.  The  command  is  optional 
with  the  default  of  zero  for  all  parameters.  The  parameters  are: 


CC  = conic  consbr.t 

CV  = cij-v^ture  at  vertex 

CR  = curvature  of  revolution  (torics  only) 

AD  = 4th  order  aspheric  coefficient 

AE  = 6th  order  aspheric  coefficient 

AF  = 8th  order  aspheric  coefficient 

AG  = 10th  order  aspheric  coefficient 


If  no  parameters  are  given  the  default  values  for  all  parameters  are  set 


ORDER  < + N, -N.  or  0> 

This  command  specifies  the  hologram  order . 


It  is  optional  with  the  default  of  +1, 


TYPE  < TRANS  OR  REFL  > 

This  command  forces  the  hologram  type  to  that  specified.  In  genera'  it  is  optional 
as  the  program  automatically  determines  the  hologram  type. 
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EULER  = EULER  angle  parameters  for  current  hologram 
REC  = reconstruction  beam  parameters 
IMAGE  = image  beam  parameters 
IMREF  = image  reference  beam  parameters 
ABER  = aberrations  of  image  for  current  solution 
INDEX  = index  parameters  for  current  hologram 
EMUL  = emulsion  parameters  of  current  hologram 
DIA  = diameter  of  current  hologram 
LAMC  = reconstruction  wavelength 
LAMO  = construction  wavelength  of  current  hologram 
SURFACE  = surface  parameters  of  current  hologram 
ORDER  = order  of  current  hologram 
TYPE  = type  of  current  hologram 

SOLVE  < RAY,  OPT,  SINGLE  > 

This  command  affects  a ray,  optimization  or  single  hologram  solution.  If  no  solution 
type  is  specified,  the  previous  solve  command  solution  type  is  used.  The  solution 
type  is  initialized  to  ray  upon  entry  of  the  program. 


STOP 

This  command  terminates  the  program  and  returns  control  to  MTS.  The  program 
cannot  be  restarted . 

END  < RAY,  OPT,  SINGLE  > 

This  command  terminates  a i command  reading  and  halts  program  execution  after 
analysis  of  preceding  commands.  The  program  cannot  be  restarted.  The  options 
available  are  the  same  as  for  the  solve  command. 

ERASE  < OPTION  > . . . < OPTION  > 

This  command  permits  a completely  new  specification  for  those  command  types  given 
in  < OPTION  > . If  no  new  specification  is  later  given  in  the  following  input  commands 
the  default  value  is  used.  The  option  list  may  include  the  following: 

POINT  = this  eliminates  any  previous  specification  of  points  on  the  first  hologram  with 
the  commands  - POINT,  FAN,  ARRAY,  and  HEX 
OPT  = all  previously  defined  optimization  parameters  are  deleted  plus  FUNC,  STEPS, 
SEARCH  TYPE,  and  all  optimization  switches 
RAY  = all  previously  defined  hologram  specifications  are  deleted.  Default  values  are 
set  where  applicable 
HEAD  = erases  the  header  lines 

ALL  = delete  all  previous  specifications  including  POINT,  OPT,  RAY,  and  HEAD. 

This  command  essentially  resets  the  input  for  new  commands. 

If  no  options  are  specified,  ALL  is  assumed. 

IN  / < FILENAME  > / 

This  command  initiates  reading  of  commands  from  the  file  < FILENAME  > . At  an 
end-of-file  on  < FILENAME  > reading  returns  to  the  first  command  after  the  file 
command.  This  command  may  appear  anyplace  in  the  input.  Note:  Any  valid  MTS 
file  or  subfile  may  be  entered,  e.g.,  IN  /INFILE(1,10)/  IN  / -IN/ 

OUT  / < FILENAME  > / 

This  command  redirects  all  raytracing  and  optimization  output  to  the  file  specified.  If 
no  filename  is  specified,  the  output  destination  will  default  to  *SINK*  . Note:  Any 
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EMUL  NB  < > NA  < > 

This  command  specifies  the  index  of  refraction  of  the  emulsion  before  and  after 
processing.  The  command  is  optionai  and  the  defauit  is  EMUL  NB  1. 5 NA  1.5.  If 
neither  parameter  is  specified,  both  parameters  are  set  to  their  default  value. 

INDEX  N1  < > N2  < > N3  < > N4  < > 

This  command  specifies  the  index  of  refraction  for  the  foliowing: 

N1  = index  in  +Z  space  during  construction 
N2  = index  in  -Z  space  during  construction 
N3  = index  in  +Z  space  during  reconstruction 
N4  = index  in  -Z  space  during  reconstruction 

Defauit  values  for  ail  variables  are  1.0.  If  no  parameters  are  specified,  the  default 
values  for  aii  parameters  are  set. 

SWITCH  < OPTION  > . . . < OPTION  > 

This  command  sets  switches  for  program  operation,  the  switches  are  as  follows: 

ALL  = the  foiiowir;,  switches  are  set:  CFAB,  PFAIL,  PSAG,  PRAIN,  PIMPH  PRSIN 
anH  PHGLN 

* RFAIL  < > - total  number  of  rays  that  may  fail  before  abort  of  analysis 
*CFAB  = curve  fit  and  determine  aberrations 

PTAB  = print  total  aberrations  only.  Suppress  curve  fit. 

NOAB  = no  aberration  curve  fit 

* PFAIL  = print  output  when  rays  fail 
NPFAIL  = no  printing  of  output  when  rays  fail 
PSAG  = print  SAG  data  for  each  ray 

* NPSAG  = no  printing  of  SAG  data  for  each  ray 
PRAIN  = print  ray  intercepts 

*NPRAIN  = no  printing  of  ray  intercepts 
PIMPH  = print  image  phase  surface  intercepts 

* NPIMPS  = no  printing  of  image  phase  surface  intercepts 
PRSIN  = print  reference  sphere  intercepts 

*NPRSIN  = no  printing  of  relerence  sphere  intercepts 
PHGEN  = print  hologram  generation  data 

* NPHGEN  = no  printing  of  hologram,  generation  data 
FIMA  < > = determine  image  from  fan  number  < > 

* AFIMAG  = all  fans  used  to  determine  image 
*RAY  = print  ray  trace  output 

* DECK  = print  deck  output 
NDECK  = no  deck  output 

SRAY  = print  short  ray  trace  output 

* NSRAY  = no  short  ray  trace  output 

* IMAGE  = compute  image 

NIMAGE  = no  image  computation  (note:  image  must  be  defined  using  the  ’image' 
command  in  order  to  compute  aberrations) 

DEFAULT  = the  following  switches  are  set  (*) 

RFAIL  5,  CFAB,  PFAIL,  NPSAG,  N PRAIN,  NPIMPS,  NPRSIN,  NPHGEN 
AFIMAG. 

DISPLAY  < OPTION  > . . . < OPTION  > 

This  command  allows  the  user  to  display  selected  hologram  parameters.  The  valid 
options  are: 

OBJ  = object  beam  parameters  for  current  hologram 
REF  = reference  beam  parameters  for  current  hologram 
SEP  = separation  parameters  fur  current  hologram 
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valid  MTS  file  or  subfile  may  be  entered,  e.g.  , OUT  /OUTFILE  (LAST  +1)/ 

OUT  / -OUT/  , OUT  / * PRINT*  / 

MTS  / < MTS  COMMAND  >/ 

This  command  allows  the  user  to  momentarily  cease  execution  of  the  program  and 
issue  an  M'l'S  command.  Upon  completion  of  the  MTS  command,  the  program  is 
restarted  in  command  mode.  If  no  MTS  command  is  entered,  execution  of  the  pro- 
gram will  be  halted  and  control  will  be  returned  to  MTS,  however  the  program  may  be 
restarted  using  the  $RESART  command.  Note:  Any  valid  MTS  command  may  be 
entered,  eg.,  MTS /$CREATE  OUTFILE/,  MTS /$EMPTY  OUTFILE  OK/ 

However,  some  commands,  such  as  $RUN  and  $SIGNOFF  will  not  return 
control  to  the  program  upon  completion. 

PRINT  / < FILENAME  > / 

This  command  will  cause  the  file  specified  by  < FILENAME  > to  be  printed  at  the 
ERIM  remote  batch  station. 


This  command  permits  the  deviation  of  one  hologram  set  specification  to  another. 

It  is  formed  by  simply  placing  a "D”  in  front  of  the  appropriate  command.  An  example 
is  DREC  A - .01.  Where  the  new  reconstruction  beam  angle  alpha  is  less  by  .01  from 
the  previous  value.  To  use  this  command  its  context  in  the  original  input  set  must 
be  defined.  For  example  a "LAM"  command  may  appear  anywhere  in  the  input  as 
"LAMC"  or  "LAMO".  If  "DLAM"  alone  is  specified  it  is  assumed  to  be  "DLAMC". 

For  example,  if  the  command  is  specified  after  a HOL  < > command  such  as 

HOL  HOL  1 

DLAM  -10D-6  or  DLAMO  -10D-6 

which  designates  the  construction  wavelength  for  the  first  hologram.  The  following 
commands  permit  a "D"  prefix:  LAM,  LAMC,  LAMO,  OBJ,  REF,  SURF  EMUL 
INDEX,  SEP,  EULER,  IMAGE,  IMREF. 

MERIT  FUNC  <N>  STEPS  < > <DIR,  RAN,  INC,  PRA  > 

This  command  specifies  the  merit  function  to  be  used  for  the  optimizations  where 
N corresponds  to  the  merit  function  number  as  listed  below.  This  function  is  selected 
from  the  library.  The  library  includes  the  following: 

1 LAD  = low  angular  dispersion 

2 LRD  = low  radial  dispersion 

3 LD  = low  angular  and  rad  la1  dispersion 

4 LA  = low  aberration 

5 LDSR  = low  dispersion  with  solve  for  R02 

6 LD2  = special  low  angular  and  radial  dispersion 

7 LDME  low  dispersion  with  modification  of  EULER  argles 

8 LASR  low  aberrations  over  a band  and  solve  for  RR 

9 LDR3  = three  element  solve  for  R03  and  low  dispersion 

10  PD  = parameter  determination 

11  LFNG  = low  fringe  count  minimization 

12  CVAB  = curved  surface  aberrations 

The  steps  parameter  specifies  the  number  of  iterations  to  be  performed  in  the 

optimization  before  control  is  returned  to  the  user.  The  search  type  parameter 

selects  one  of  the  following  search  procedures  - 

DIR  = direct  search 

RAN  random  search 

INC  incremental  search 

PRA  = praxis  search 


X • V 


MSWlTCH  RAY  < > DECK  < > LIST  < ->  MERIT  < > DEFAULT 

This  command  selects  the  various  merit  function  switches.  The  options  include: 

RAY  N generate  no  r«y  tracing  program  output 

E generate  ray  tracing  program  output  on  every  iteration 
= I generate  ray  tracing  program  output  at  initial  evaluation 
B generate  ray  tracing  program  output  at  best  evaluation 

generate  ray  tracing  program  output  at  initial  and  best  evaluation 
DECK  N generate  no  output  deck 

E generate  output  deck  on  every  iteration 
I generate  output  deck  at  initial  evaluation 
B generate  output  deck  at  best  evaluation 
IB  generate  output  deck  at  initial  and  best  evaluation 
LIST  N generate  no  parameter  list  output 

“ E generate  parameter  list  output  at  every  evaluation 
I generate  parameter  list  output  at  initial  evaluation 
B generate  parameter  list  output  at  best  evaluation 
IB  generate  parameter  list  output  at  initial  and  best  evaluation 
MERIT  N no  output  from  merit  function 

E output  from  merit  function  at  every  evaluation 
I output  from  merit  function  at  initial  evaluation 
B output  from  merit  function  at  best  evaluation 
IB  output  from  merit  function  at  both  initial  and  best  evaluation 
DEFAULT  - RAY.  DECK  and  MERIT  are  set  to  N.  1 1ST  is  set  to  E 


< VARI>  BEGIN < > LOW  < > UP  < LOG  OR  LIN  ->  DR  < s FR  < > INCR  < > 

This  command  specifies  the  variable  to  be  changed  in  the  optimization  The  list  of 
variables  < VARI  > include  the  following: 

OBJ  A.  OBJ  B.  OBJ  R. 

REF  A,  REF  B,  REF  R. 

REC  A.  REC  B,  REC  R. 

SEP  A.  SEP  B.  SEP  R, 

EULER  A,  EULER  B,  EULER  G. 

IMAGE  A,  IMAGE  B.  IMAGE  R. 

IMREF  A,  IMREF  B.  IMREF  R; 

LAMC,  LAMO.  SURF  CV. 


SURF  CC,  SURF  CR.  SURF  AD, 
SURF  AE,  SURF  AF,  SURF  AG 


°ii  U7l.J  , EULER.  LAMO  and  SURF  are  hologram  dependent  and  as  such 
will  use  the  last  HOL  command  hologram  number. 

The  parameters  on  the  command  are  as  follows: 


BEGIN  < > initial  value  for  the  variable  < VARI  •> . If  not  specified  the  default  Is  the 
current  value  of  < VARI  > : 


LOW  < > lower  limit  that  is  permitted  for  the  variable  < VARI  > 

UP  < > upper  limit  that  is  permitted  for  the  variable  < VARI  > 

< LOG  OR  LIN  > = for  incremental  or  random  searches  this  variable  denotes  the  mode. 
DR  < > ^ in  a direct  search  this  parameter  assigns  the  initial  value  for  delta 
FR  < > = in  a direct  search  this  parameter  assigns  the  final  value  of  delta.  If  FR 
is  equal  to  delta,  the  search  process  is  terminated 
INCR  < > = in  an  incremental  search  this  parameter  specifies  an  increment  value 
for  this  variable. 
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